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aber den Duft der Wirklichkeit, der dem Betrachter auf ewig in die Sinne dringt 
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Chemoreception is the ability of organisms to detect chemicals in their environment 
(reviewed in Bargmann 2006). This ability is common to all living organisms, including 
bacteria, protozoans, fungi, plants as well as animals, and is thus viewed from an evolutionary 
perspective as one of the oldest senses (Zhou and Chen 2009). While chemosensation 
involves both taste and smell, most animals rely on olfaction as the principal chemosensory 
modality (Saghatelyan et al. 2003). The power to detect and discriminate odor molecules is 
often strongly connected to the survival and the reproductive success of the organism. This 
strong selective pressure has led to a highly sensitive olfactory system across many animal 
phyla (Hildebrand and Shepherd 1997). Although there is an evolutionary convergence 
towards a conserved organization of signaling pathways in vertebrate and invertebrate 
olfactory systems (Hildebrand and Shepherd 1997), the involved receptor gene families are 
often evolutionarily unrelated.  
 
Olfaction: Same odor molecules – different receptors 
The identity of olfactory receptors was first determined in vertebrates (Buck and Axel 1991) 
using the rat Rattus norvegicus (Rodentia: Muridae) as the model system and building upon 
three assumptions: First, biochemical evidence had implicated that G proteins are involved in 
olfactory signal transduction (Pace et al. 1985); therefore, vertebrate odorant receptors are 
likely G protein–coupled receptors. Second, odorant receptors likely encode a large gene 
family, because a high number of receptors are required to detect and discriminate the 
immense number of chemically different molecules. Third, the presence of odorant receptors 
should be restricted to the olfactory tissues. These three assumptions led to the subsequent 
identification of as many as 1000 G protein–coupled seven-transmembrane proteins in the rat 
genome (Zhang et al. 2007). Further studies have shown that these odorant receptors are 
present in vertebrate species ranging from fish to humans (reviewed in Mombaerts 1999).  
A similar number of chemosensory receptors, with about 1300 receptor genes and 400 
pseudogenes, have been identified in the nematode Caenorhabditis elegans (Rabditita: 
Rabditidae) (Robertson and Thomas 2006). These receptors are seven-transmembrane domain 
proteins with no sequence homology to vertebrate olfactory receptor genes, and moreover 





Olfactory receptors of insects and other arthropods 
The first insect olfactory receptors (ORs) were discovered in the genome of the vinegar fly 
Drosophila melanogaster (Diptera: Drosophilidae) (Clyne et al. 1999, Gao and Chess 1999, 
Vosshall et al. 1999, Clyne et al. 2000). Similar to G-protein coupled receptors, ORs are 
multitransmembrane domain proteins, but have an inverted topology (Benton et al. 2006, 
Lundin et al. 2007). Insect ORs have been suggested to be distantly related to the gustatory 
receptors (GRs) of arthropods, constituting a single highly expanded branch within the 
arthropod chemoreceptor superfamily (Robertson et al., 2003). This is also supported by the 
presence of a signature motif in the carboxyl terminus in some members across the 
superfamily (Scott et al. 2001).  
Insect ORs are heteromeric odor-gated ion channels (Sato et al. 2008, Wicher et al. 2008) 
formed by at least one ligand specific OR and the OR coreceptor, named Orco (Vosshall et al. 
1999, Elmore et al. 2003, Krieger et al. 2003, Larsson et al. 2004, Vosshall ad Hansson 2011). 
The number of functional OR genes varies from 10 in the human body louse Pediculus 
humanus humanus (Phthiraptera: Pediculidae) (Kirkness et al. 2010) to about 350 OR genes 
in ants (Zhou et al. 2012a). Interestingly, the sequences of OR genes reveal almost no overall 
sequence identity, even within the same insect order (Krieger et al. 2003). Nevertheless, Orco 
is highly conserved among insects. Homologues were found in almost all investigated species, 
including lepidopterans, dipterans, coleopterans, hymenopterans and hemipterans (Krieger et 
al. 2003, Pitts et al. 2004, Smadja et al. 2009). However, even though highly conserved within 
insects, no Orco-coding genes have been identified outside of the Insecta, neither in the 
genome of the crustacean Daphnia pulex (Onychura: Daphniidae) (Peñalva-Arana et al. 2009) 
nor the genome of the chelicerate Ixodes ricinus (Ixodida: Ixodidae) (Vieira and Rozas 2011). 
Furthermore, OR genes are also absent, suggesting that Orco and ORs are specific to insects.  
 
IRs – the insect´s second nose? 
A second receptor family involved in insect chemosensation are the ionotropic receptors (IRs) 
(Benton et al. 2009). These IRs are ligand gated ion channels derived from the ionotropic 
glutamate receptor family (iGluRs, Croset et al. 2010). iGluRs are structurally and 
functionally conserved in most animals (Tikhonov and Magazanik 2009), mediating chemical 
communication between neurons at synapses (Mayer 2006, Gereau and Swanson 2008, 
Sobolevsky et al. 2009). However, over evolutionary time the IR lineage was coopted into 
chemosensation, detecting chemical signals from the external environment (Croset et al. 
2010).  




Figure 1. Molecular mechanisms of odor detection in mammals, nematods and insects  
From top to down: 1) Localization of the main olfactory tissue in the mouse Mus musculus (left), the nematode 
Caenorhabditis elegans (middle) and the vinegar fly Drosophila melanogaster (right); 2) Connections of 
sensory neurons to first olfactory brain centers. Different colors of neurons used for the mouse and the fly 
denote to the expression of different receptors; 3) Schemes of olfactory cilia. Different receptors are symbolized 
by different colors; 4) Schemes of the different receptor types. Note the inverted topology of insect ORs 





IRs are present in chemosensory tissues across protostomes (Croset et al. 2010), including 
molluscs, nematodes, crustaceans and insects.  
Based on expression profiles in D. melanogaster the IR family is further subdivided into the 
“antennal” and “divergent“ IRs (Benton et al. 2009). Out of 66 identified IR genes 16 genes 
are expressed in the antenna of D. melanogaster and were therefore termed “antennal” IRs 
(Benton et al. 2009, Croset et al. 2010). Antennal IRs act in combinations of up to three 
subunits, which includes individual odor-specific receptors and one or two of the broadly 
expressed coreceptors IR25a, IR8a and IR76b (Abuin et al. 2011).  
 
Distinct populations of insect sensilla express different receptor types 
The main olfactory organs of insects are the antennae and the maxillary palps. Both are 
covered with a high number of small sensory structures, called sensilla. Insect olfactory 
sensilla can be mainly categorized into two fundamentally different types: Single-walled 
sensilla with pore tubules (sw-wp sensilla) and double-walled sensilla with spoke channels 
(dw-wp sensilla) (Steinbrecht 1969, Altner 1977, Altner & Prillinger 1980). Both sensillum 
types are present side by side in most insect orders. The sw-wp sensilla include for example 
basiconic and trichoid sensilla, whereas coeloconic sensilla are dw-wp sensilla. Moreover, the 
dw-wp olfactory sensilla are preferentially tuned to more polar, hydrophilic stimuli (e.g. short 
chain acids and amines), while the sw-wp sensilla are involved in the detection of more 
nonpolar, hydrophobic stimuli (Altner 1977). 
There is some evidence that insect ORs and IRs are expressed in olfactory sensory neuron 
(OSN) populations of a distinct sensillum type (Benton et al. 2009). In D. melanogaster 
antennal IRs are the functional receptor type of OSNs in dw-wp coeloconic sensilla, and ORs 
are predominantly expressed in OSNs housed in sw-wp basiconic and trichoid sensilla 
(Hallem et al. 2004, Silbering et al. 2011). The previous literature concerning IR expression 
beyond D. melanogaster is incomplete, thus overarching trends could not be established. In 
Chapter I and Chapter III this dissertation will present some work on IR expression outside D. 
melanogaster. 
 
Figure 1. Abbreviations: OR – olfactory receptor (same name, but unrelated in vertebrates and insects), TAAR 
– trace amine-associated receptor, V1R – vomeronasal receptor type 1, V2R  - vomeronasal receptor type 2, 
FPR – formyl peptide receptor, GC-D – receptor guanylyl cyclase type D, SR – chemosensory recetor, IR – 
ionotropic receptor, Orco – olfactory receptor coreceptor. 
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Insect odorant binding proteins 
ORs are expressed in the dendritic membrane of OSNs (Elmore and Smith 2001, Dobritsa et 
al 2003). Therefore these receptors are exposed to the aqueous environment of the sensillum 
lymph, while their ligands are primarily hydrophobic. The aqueous solubility of hydrophobic 
odorants is thought to be greatly enhanced by odorant binding proteins (OBP), which are 
present at high concentrations in the sensillum lymph (Pelosi 1994). Although several studies  
 have demonstrated selective binding of odorants and/or pheromones to different OBPs 
(Danty et al. 1999, Plettner et al. 2000, Pophof 2002, 2004, Zhou et al. 2004), the exact 
function of OBPs is not well understood. It is currently believed that OBPs participate in the 
solubilization and transportation process of odorants through the lymph (Figure 2, Vogt et al. 
1991, Pelosi 1994, Pophof 2004, Prestwich et al. 1995, Tsuchihara et al. 2005, Grosse-Wilde 
et al. 2006), that they mediate sensitivity (Gomez-Diaz et al. 2013) and protect odors from 
degradation by odorant-degrading enzymes (Chertems et al. 2012, Gomez-Diaz et al. 2013). 
Since different OBPs are present in a particular olfactory sensillum type, it is likely that OBPs 
also play a role in olfactory coding (Hakmat-Scafe et al. 1997). Similar to ORs, OBPs
Figure 2. Possible functions of OBPs in insect olfaction 
A: Schematic representation of the general structure of a single-walled olfactory sensillum. The dendrites of the 
olfactory sensory neurons (OSNs) extend into the sensillum shaft where they are surrounded by the sensillum 
lymh. This lymph is secreted by special support cells and contains the odorant binding proteins (OBPs). 
B: Simplified functional scheme of perireceptor events in the insect olfactory pathway. Odor molecules enter the 
sensillum through small pores in the sensillum wall. Odor molecules are taken up by OBPs. OBPs transport the 
molecules through the sensillum lymph to the OSN dendrites where the odors bind to ligand specific receptors 





were only identified in insect species, but not in genomes of other arthropods (Vieira and 
Rozas 2011). 
 
Evolution of insect ORs and OBPs 
Terrestrial hexapods originally derived from an aquatic crustacean ancestor, probably in the 
Early Ordovician period (Rota-Stabelli et al. 2013). The transition from sea to land meant that 
molecules needed to be detected in the gas phase instead of in an aqueous environment.  
Therefore, the olfactory system of this hexapodan ancestor had to adapt to terrestrial 
conditions and to adapt to the detection of volatile, air-borne chemical signals. One proposed 
hypothesis has been that the ORs and OBPs that are found in insects are a direct adaptation to  
the terrestrial lifestyle (Robertson et al. 2003, Vieira and Rozas 2011, Krång et al. 2012). 
Furthermore, the contemporal origin of both gene families suggests that both families may 
have coevolved (Vieira and Rozas 2011). 
However, all studies on insect olfactory gene families published thus far have focused on 
neopteran insects (Paleoneoptera, Paraneoptera and Holometabola, see Figure 3). 
Evolutionary older insect taxa, such as the primary wingless insects or the first flying insect 
orders, were not investigated for their olfactory gene equipment, although their study could 
help to understand the evolution of insect ORs and OBPs, especially with respect to testing 
the validity of the hypotheses discussed above. 
 
Olfactory capabilities of Archaeognatha and Zygentoma 
Archaeognatha and Zygentoma are considered to be among the oldest extant insects lineages 
likely having arisen in the early to late Devonian period (Grimaldi 2001, Mendes, 2002, Engel 
and Grimaldi 2004). The species within these two early insect lineages appear to be quite 
similar and were previously joined together in the order Thysanura (Koch 2001, Regier et al. 
2004, Grimaldi and Engel 2005). However, more recent molecular, and combined 
morphological and molecular studies support a basal split of Archaeognatha and a sister group 
relationship of Zygentoma and Pterygota (see Figure 3, Hennig 1981, Kristensen 1997, Regier 
et al. 2010; reviewed in Carapelli et al. 2006). According to the fossil record, Archaeognatha 
evolved about 390 million years ago (Labandeira et al. 1988). Several ferns, moss and club 
moss species as well as the first terrestrial fungi are also reported from this time period 
(Cacales-Miñana and Cleal 2011). As even today bristletails mainly use algae, lichens and 
moss as a food source (Sturm 1955) and their enemy spectrum has not changed (Sturm and 
Machida 2001), their olfactory system might still display some ancient characteristics. 




Figure 3. Insect relationships based on a review of recent literature (Trautwein et al. 2012) 
The most accepted hypothesis about the higher-level phylogeny is a close evolutionary relationship between 
Hexapoda and Crustacea, maybe even with a position of the Hexapoda within the Crustacea. Within the Insecta 
senso stricto, the earliest lineages are the Archaeognatha (jumping bristletails) and the Zygentoma 
(silverfishes/firebrats), two groups of primarily wingless insects. The present thesis is mainly focused on two 
species belonging to either of these two taxa. Dashed lines indicate tenuously supported relationships or 





So far, only a few morphological studies have been conducted from both of these two insect 
taxa to address the organisation of the olfactory system. Both insect taxa possess really long 
and filiform antennae (Figure 4) that are covered with several sensillum types. Putative 
olfactory sensilla were previously described for both Archaeognatha (Machilis sp.: Berg and 
Schmidt 1997; several species: Bockhorst 1988; Lepismachilis y-signata: Missbach et al. 
2011) and Zygentoma (Lepisma saccharina: Berg and Schmidt 1997; Thermobia domestica: 
Adel 1984). The olfactory function of sensilla was proposed based on ultrastructural 
investigation, but no previous electrophysiological studies on putative olfactory sensilla had 
been done in either of the two groups. This dissertation will present in Chapter I the first 
electrophysiological study on antennal olfactory sensilla of Archaeogatha and Zygentoma.  
The olfactory information perceived in the periphery is transmitted by the antennal nerve to 
the antennal lobe (AL), which acts as the first olfactory processing center. Within the insect 
AL, the OSNs synapse onto projection and interneuron terminals in spherical and dense 
synaptic regions called glomeruli (Homberg 1994, 2005, Hansson and Anton 2000, 
Schachtner et al. 2005, Vosshall and Stocker 2007). In contrast to all other insects studied so 
far, the glomeruli of Archaeognatha appear irregular and more or less elongate in shape 
(Missbach et al. 2011), while more spherical shaped glomeruli are present in the AL of 
Zygentoma (Schachtner et al. 2005). In both Archaeognatha and Zygentoma the number of 
glomeruli is quite small when compared to other insects. Since the number of glomeruli is 
roughly considered to correspond to the number of receptor proteins expressed in distinct 
subpopulations of OSNs, the expected number of receptors for of both taxa could be estimated 
to be around 10 (Missbach et al. 2011, Dweck pers. comm.).  
After a first processing in the AL, the olfactory information is transferred by projection 
neurons to higher brain centers, such as the mushroom bodies, the inferior protocerebrum and 
the lateral horn (Strausfeld et al.1998, 2009, Anton and Homberg 1999, Hansson and Anton 
2000, Galizia and Rössler, 2010). Interestingly, mushroom bodies are found in Zygentoma, 
but are completely absent in Archaeognatha (Farris 2005, Strausfeld et al. 2009, Missbach et 
al. 2011). Besides other functions, the mushroom bodies play an essential role in odor 
discrimination and in the formation of an olfactory memory (Heisenberg, 2003). The absence 
of real mushroom bodies in Archaeognatha is often seen as a plesiomorphic character that 
Archaeognatha share with their crustacean relatives (Strausfeld et al. 2009). Moreover, in 
Archaeognatha the projection neurons extend out to the lateral protocerebrum where they 
provide an extensive volume of layered neuropil, the architecture of which is reminiscent of 
protocerebral olfactory neuropils of the eumalacostracan olfactory systems (Strausfeld 2009). 
                                                             Olfactory capabilities of Archaeognatha and Zygentoma 
15 
 
Therefore, on this level the olfactory system of Archaeognatha again appears to share features 
with that of crustaceans, whereas the zygentoman system appears more similar to flying 
insects.  
In general, the investigation of Archaeognatha and Zygentoma, when compared to data from 
close relatives such as flying insects and crustaceans, will lead to novel insights into the 
evolution of the insect olfactory system, as well as further insights into the identity and 
evolution of the receptors and other olfactory gene families that are crucial for insect olfaction 





Figure 4. Main experimental organisms: Lepismachilis y-signata (Archaeognatha: Machilidae) and 
Thermobia domestica (Zygentoma: Lepismatidae) 
The habitus of both animals is quite similar. Both insects are apterygote and have very long filliform antennae.  
Archaeognatha in general have very large compound eyes that are often converged on the backside of the head, 
whereas in Zygentoma compound eyes are reduced or absent making other senses even more important for these 
animals. 
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In the first chapter I present an analysis of the olfactory capabilities of Lepismachilis y-
signata (Archaeognatha: Machilidae) and Thermobia domestica (Zygentoma: Lepismatidae), 
as well as a third pterygote species Phyllium siccifolium (Phasmatodea: Phylliidae) for 
comparison. Single sensillum recordings demonstrated that both wingless species detect a 
wide range of different odors, however possess a lower number of distinct functional neurons 
than P. siccifolium. Deep antennal transcriptome sequencing led to the identification of the 
evolutionary ancient ionotropic receptors (IRs), but not the insect specific olfactory receptors 
(ORs) in both wingless insects. In contrast to L. y-signata, where neither ORs nor their 
conserved coreceptor were present, Orco was identified in T. domestica, where it existed in 
multiple independent variants. Altogether the data of this chapter suggests that in wingless 
insects other receptors than ORs are involved in odor detection, and that the full OR/Orco 
complex evolved in a stepwise manner after insects colonized land.  
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In Chapter II we analyzed the transcriptomes of Lepismachilis y-signata (Archaeognatha: 
Machilidae) and Thermobia domestica (Zygentoma: Lepismatidae) for the presence of 
odorant binding proteins (OBPs) and chemosensory proteins (CSPs). While previous studies 
have identified CSPs across arthropods, OBPs are insect specific. Their assumed function in 
cooperation with ORs led to the suggestion that ORs and OBPs coevolved. Together with the 
results of Chapter I we showed that OBPs were likely present in the last common ancestor of 
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In the third chapter we have identified and localized the coreceptors of ionotropic receptors, 
SgreIR8a and SgreIR25a, in the antenna of the desert locust Schistocerca gregaria (Caelifera: 
Acrididae). Both receptors are expressed in antennae of all five nymphal stages and in adults. 
In situ hybridization experiments revealed expression of SgreIR8a and SgreIR25a in olfactory 
sensory neurons of coeloconic sensilla. Additionally SgreIR25a was found in neurons of some 
chaetic sensilla. Double FISH experiments demonstrated that cells expressing SgreIR8a or 
SgreIR25a do not express ubiquitous coreceptor of olfactory receptors. Hence we found a 
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Abstract The olfactory sense detects a plethora of behaviorally relevant odor molecules; gene 
families involved in olfaction exhibit high diversity in different animal phyla. Insects detect volatile 
molecules using olfactory (OR) or ionotropic receptors (IR) and in some cases gustatory receptors 
(GRs). While IRs are expressed in olfactory organs across Protostomia, ORs have been hypothesized 
to be an adaptation to a terrestrial insect lifestyle. We investigated the olfactory system of the 
primary wingless bristletail Lepismachilis y-signata (Archaeognatha), the firebrat Thermobia domestica 
(Zygentoma) and the neopteran leaf insect Phyllium siccifolium (Phasmatodea). ORs and the olfactory 
coreceptor (Orco) are with very high probability lacking in Lepismachilis; in Thermobia we have 
identified three Orco candidates, and in Phyllium a fully developed OR/Orco-based system. We 
suggest that ORs did not arise as an adaptation to a terrestrial lifestyle, but evolved later in insect 
evolution, with Orco being present before the appearance of ORs.
DOI: 10.7554/eLife.02115.001
Introduction
All living organisms, including bacteria, protozoans, fungi, plants, and animals, detect chemicals in 
their environment. The sensitivity and chemical range of animal olfactory systems is remarkable, ena-
bling animals to detect and discriminate between thousands of different odor molecules. Although 
there is a striking evolutionary convergence towards a conserved organization of signaling path-
ways in vertebrate and invertebrate olfactory systems (Hildebrand and Shepherd, 1997), the involved 
receptor gene families evolved independently. The molecular identity of olfactory receptors was 
first unraveled in vertebrates (Buck and Axel, 1991). In mammals, as many as 1000 heterotrimeric 
GTP-binding protein (or G protein)-coupled receptors are considered to be employed in olfactory 
discrimination (Buck and Axel, 1991). A similar number of chemoreceptors, with about 1300 receptor 
genes and 400 pseudogenes, have been hypothesized for Caenorhabditis elegans (Robertson and 
Thomas, 2006).
All data on insect olfactory receptors are based on studies investigating the neopteran insects 
(overview of insect order relationship is given in Figure 1). The identity of receptors involved in olfac-
tion in the evolutionarily more ancient apterygote insects (Archaeognatha, Zygentoma) and pale-
opteran insects (Odonata and Ephemeroptera) is thus completely unknown. In neopteran insects 
(Polyneoptera, Paraneoptera, and Holometabola) most volatile stimuli are recognized by members of 
the olfactory receptor family (ORs). ORs are multitransmembrane domain proteins unrelated to nema-
tode or vertebrate olfactory receptors (Mombaerts, 1999; Robertson, 2001; Hill et al., 2002), dis-
playing a distinct membrane topology (Benton et al., 2006; Lundin et al., 2007). The number of 
functional OR genes varies from 10 in the human body louse Pediculus humanus humanus (Kirkness 
et al., 2010) to about 60 in Drosophila melanogaster (Clyne et al., 1999; Gao and Chess, 1999; 




†These authors contributed 
equally to this work as senior 
authors.
Competing interests: The 
authors declare that no 
competing interests exist.
Funding: See page 19
Received: 18 December 2013
Accepted: 17 February 2014
Published: 26 March 2014
Reviewing editor: Gáspár Jékély, 
Max Planck Institute for 
Developmental Biology, Germany
 Copyright Missbach et al. 
This article is distributed under 
the terms of the Creative 
Commons Attribution License, 
which permits unrestricted use 
and redistribution provided that 
the original author and source 
are credited.
RESEARCH ARTICLE





























Genomics and evolutionary biology
Missbach et al. eLife 2014;3:e02115. DOI: 10.7554/eLife.02115 2 of 22
Research article
to be distantly related to the gustatory receptors of arthropods, with some proteins containing a sig-
nature motif in the carboxyl terminus (Scott et al., 2001).
Insect olfactory receptors function as heteromultimers composed of at least one ligand-specific OR 
and the coreceptor Orco (Vosshall et al., 1999; Elmore et al., 2003; Krieger et al., 2003; Larsson 
et al., 2004; Sato et al., 2008; Wicher et al., 2008). Interestingly, while Orco (Vosshall and Hansson, 
2011) is highly conserved among insects, the sequences of other olfactory receptor genes exhibit very 
little sequence similarity even within the same insect order (Krieger et al., 2003), complicating their 
identification. So far, Orco homologues have been identified in Lepidoptera, Diptera, Coleoptera, 
Hymenoptera, Hemiptera (Krieger et al., 2003; Pitts et al., 2004; Smadja et al., 2009), and 
Orthoptera (Yang et al., 2012). Neither Orco nor ORs are present in the genome of the crustacean 
Daphnia pulex, indicating that ORs are insect specific. However, GRs were found in Crustacea, just as 
in insects (Peñalva-Arana et al., 2009).
A second receptor family, the variant ionotropic glutamate receptors (IRs), is also involved in insect 
chemosensation (Benton et al., 2009). IRs act in combinations of up to three subunits; individual odor-
specific receptors and one or two of the broadly expressed coreceptors IR25a, IR8a, and IR76b 
(Abuin et al., 2011). IRs are present in olfactory tissues across the Protostomia (Croset et al., 2010), 
for example two conserved members of this group were described in the Daphnia genome (Croset 
et al., 2010) and the coreceptor IR25a homologue is expressed in many, if not all mature OSNs of the 
American lobster Homarus americanus (Hollins et al., 2003) and the spiny lobster Panulirus argus 
(Tadesse et al., 2011). Since crustaceans are the closest relatives of insects (Friedrich and Tautz, 1995; 
Boore et al., 1998; Regier et al., 2010), IRs are most likely the ancient type of insect olfactory receptor.
But when and why did insect ORs evolve? Hexapods derived from an aquatic crustacean ancestor, 
probably in the Early Ordovician, approximately 483 mya (Rota-Stabelli et al., 2013). The transition 
from sea to land meant that molecules needed to be detected in gas phase instead of aquatic solu-
tion. Therefore, the olfactory system of a hexapod ancestor had to adapt to the terrestrial conditions 
and detection of volatile, air-borne chemicals. One proposed hypothesis has been that Orco and 
ORs of the insect type are an adaptation to this terrestrial lifestyle (Robertson et al., 2003; Krång 
et al., 2012). To reconstruct an evolutionary scenario for insect ORs, we investigated species belong-
ing to different ancient insect orders, including Archaeognatha (jumping bristletails) and Zygentoma 
(silverfishes and firebrats), and a neopteran insect belonging to the Phasmatodea (leaf and stick 
insects) as so far not analyzed control group using morphological, electrophysiological and molec-
ular techniques.
eLife digest Detecting chemical cues can be a matter of life or death for insects, and many 
employ three families of receptor proteins to detect a broad range of odors. Members of one of 
these receptor families, the olfactory receptors, form a complex with another protein, the olfactory 
coreceptor that is essential for both positioning and stabilizing the receptor, as well as the actual 
function.
Crustaceans share a common ancestor with insects, and since they do not have olfactory 
receptors it has been proposed that these receptors evolved when prehistoric insects moved from 
the sea to live on land. According to this idea, olfactory receptors evolved because these ancestors 
needed to be able to detect odor molecules floating in the air rather than dissolved in water.
Previous research on insect olfactory receptors has focused on insects with wings. Missbach et al. 
have now used a wide range of techniques to investigate how evolutionarily older wingless insect 
groups detect scents. As all investigated groups evolved from a common ancestor at different times 
these experiments allow tracking of the historical development of olfactory receptors.
In the wingless species that is more closely related to the flying insects there was evidence of the 
presence of multiple coreceptors but not the olfactory receptors themselves. In the most basal 
insects no evidence for any part of the olfactory receptor-based system was found. This indicates 
that the main olfactory receptors evolved independently of the coreceptor long after the migration 
of insects from water to land. Missbach et al. suggest that olfactory receptors instead developed far 
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Figure 1. Hexapodan phylogeny. Phylogeny was adapted from Trautwein et al. (2012). Timescale was adjusted 
for higher level taxa based on Rota-Stabelli et al. (2013), for Holometabola according to Wiegmann et al. (2009) 
and the remaining groups based on their fossil record (http://insects.about.com/od/evolution/a/Timeline-of-Fossil-
Insects-by-Order.htm), in order to correlate important events in plant and insect evolution with the emergence of 
insect olfactory receptors. IRs and GRs are known to be much older than insects (Peñalva-Arana et al., 2009; 
Croset et al., 2010), however, ORs and Orco have evolved during the evolution of insects and cannot be found 
outside the insect clade (Peñalva-Arana et al., 2009). Insects with a described OR/Orco-based olfactory system 
Figure 1. Continued on next page
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Results
Our first step was to analyze the evolutionary ancestry of the insect olfactory system by assessing its 
complexity in each of three non-holometabolan insects.
To correlate OSN responses with type of sensillum (with pores and grooves) identified in SEM 
studies of the antennae, we investigated the morphological and physiological characteristics of olfactory 
sensilla and their olfactory sensory neurons.
Morphology and physiology
On the antennae of L. y-signata the only putative olfactory sensilla were porous olfactory basiconic 
sensilla (Figure 2B–E). These sensilla were arranged in a pattern that is highly stereotypical between 
antennal modules composed of 5–12 annuli, with annuli typically containing zero-to-four Sensilla basi-
conica (Missbach et al., 2011). Responses to all tested chemical classes of odors, including acids, alco-
hols, aldehydes, esters, and ketones, were recorded from OSNs housed in these sensilla using the single 
sensillum recoding measurements (SSR) (Figure 3, uppermost heat map). Based on the response profile, 
spontaneous activity, and colocalization inside the same sensillum, we identified 12 OSN types, present 
in five functional basiconic sensillum types. Out of the 12 OSN types, only seven responded to odors 
tested; two exclusively to acids, while five responded with a similar activity rate to acids or amines and to 
other odors. OSNs belonging to this second class were broadly tuned and exhibited relatively low spiking 
activity. In general, OSN classes displayed a low baseline activity with about 1 to 7 spikes/s, with Lys-ab2A 
that had a spontaneous activity of more than 25 spikes/s as the only exception. Only rarely was an increase 
in spiking rate of more than 60 spikes per second recorded, even for the best identified ligands (Figure 3—
source data 1). No responses were obtained for ammonia or pyridine. Coeloconic-like sensilla, s-shaped 
trichoid sensilla, and chaetic sensilla did not display any morphological features indicating olfactory func-
tion and did also not respond to any odor tested (Missbach et al., 2011; data not shown). In conclusion, 
7 OSN types that were all housed in basiconic sensilla responded to a wide spectrum of odor molecules.
The morphology of the zygentoman antenna and its sensilla was similar to that of L. y-signata, with 
the presence of grooved sensilla as the only exception (Figure 2G; Adel, 1984; Berg and Schmidt, 
1997). Five different functional types of olfactory sensilla were present (Figure 3: three porous, 
two grooved s. basiconica, the latter are indicated by blue caption). In contrast to L. y-signata, a 
nascent functional and spatial separation of the detection of amines and acids, and ketones and alco-
hols appeared in T. domestica. The former primarily elicited responses in OSNs of grooved sensilla, 
while less polar ones were mainly detected by porous sensilla. However, most of the OSNs in porous 
sensilla exhibited broad tuning and responded to at least one of the tested acids or amines as well.
We then turned to a neopteran insect. Unlike the other analyzed species, the leaf insect P. siccifolium 
displayed a strong sexual antennal dimorphism, with males having very long antennae covered with 
trichoid sensilla (Figure 2L), and the females very short antennae without trichoid sensilla (Figure 2K). 
In comparison to the wingless insects, the response repertoire of the leaf insect was much more 
diverse, with a total of 23 different functional sensillum types as identified by SSR recordings (Figure 3). 
No responses were obtained from trichoid sensilla, but since they were only present on the male 
antennae they could be involved in detection of an unknown volatile pheromone. In all cases, reported 
detection of volatile pheromones in insects is dependent on very specific ORs. Taken together these 
data suggest that leaf insects have a much broader response repertoire with a higher number of different 
OSN types than the more basal species we analyzed; apparently the number of olfactory receptors has 
increased. It also seems likely that at least the leaf insect makes use of ORs in odorant detection.
An antennal and maxillary palp transcriptome
We generated expansive antennal transcriptome datasets of the three insect species, employing 
a bioinformatics-based approach to identify Orco, ORs, GR, and IRs. In a second transcriptome of 
were highlighted in blue, whereas species were Orco was described in this study were colored in red. All orders 
investigated in this study are labeled by an asterisk. Our data suggests the evolution of the coreceptor Orco after 
the bristletails split from its last common ancestor with the remaining insects. However, an olfactory system that 
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Figure 2. Olfactory sensilla on the antennae of L. y-signata (A–E), T. domestica (F–I) and P. siccifolium (K–O). Animals are depicted next to the corre-
sponding antennal SEM images. (A) Detailed view of the antennae of L. y-signata. The proximal part of the antennae is not only covered with sensilla, 
but also scales. Glands (g) are highly abundant on the antennae. Many mechanosensory sensilla (S.ch.: Sensilla chaetica) were arranged in circles on the 
antennal segments. On some antennal segments gustatory sensilla (arrows) can be found between the S.ch (for further information read Missbach et al., 
2011). Very rarely zero to four olfactory Sensilla basiconica were identified per segment, in a mostly redundant pattern on the antennae with similar 
numbers of olfactory sensilla and sensilla types on each antennal segment. Antennal segments are separated by antennal breaking points. The pattern 
of sensilla is modulated by increasing the number of annuli of a segment through molting. (B–E) Different morphological types of basiconic sensilla. 
No grooved sensilla/olfactory coeloconic sensilla were identified on the antennae. Only small pegs surrounded by a cuticular wall (s. coe.; referred as 
coeloconica-like sensillum, Bockhorst 1988) were located on the antennae. These sensilla are not olfactory (for detailed external morphology see 
Missbach et al., 2011). (F) Detailed view of the antennae of T. domestica. The antennal organization is similar to the bristletail, with antennal breaking 
points and lifelong molting. The most abundant sensilla on the antennae again are mechanosensory S.ch.; beside those gustatory and olfactory sensilla 
are distributed in a species-specific modular manner over the antennae. (G) In contrast to L. y-signata, grooved sensilla can be found on the antennae of 
T. domestica. (H and I) Different morphological types of basiconic sensilla. (K and L) Gender specific differences between a female (K) and a male (L) 
antennae of P. siccifolium. Female antennae are short and lack trichoid sensilla (S.tri.). They more or less lack sensilla on the proximal annuli, only the last 
Figure 2. Continued on next page
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two annuli are covered with a high number of olfactory and also some mechanosensory sensilla (S.ch.). (M) Male antennal tip. Similar to the distal female 
antennal annuli the highest density of sensilla can be found on the last annuli. (N and O) Both grooved and pored sensilla can be found on these 
segments. Scale bars: A: 50 m; B, C, D, E, H, I, N, O: 2 m; F: 100 m; G: 1 m; K, L: 200 m; M: 20 m.
DOI: 10.7554/eLife.02115.004
Figure 2. Continued
L. y-signata also maxillary palp RNA was included. In total 99’504’815 reads were generated for the two 
L. y-signata chemosensory transcriptomes, out of which 77’060’687 were paired end reads. In addition to the 
transcriptomes of chemosensory tissues, we sequenced pooled RNA of whole bodies and heads resulting 
in 25’242’666 reads. This data set was analyzed separately. 27’704’231 and 30’762’777 reads were gener-
ated for antennae of T. domestica and P. siccifolium, respectively (detailed information about transcrip-
tomes and assembly parameters can be obtained from the ‘Material and methods’ section and Table 1).
No ORs or Orco were found in the transcriptome of L. y-signata
The transcriptome data sets were manually screened for genes encoding proteins putatively involved 
in insect olfaction, including ORs, Orco, GRs, and IRs (number of identified contigs are given in Table 2).
Neither OR- nor Orco-coding transcripts were identified in the transcriptomes of L. y-signata using 
BLAST and HMM domain profile searches as described in the ‘Material and methods’ section. Custom 
HMMR-profiles directed against conserved regions of Orco proteins also failed to identify any Orco-related 
sequences in the bristletail transcriptome. We discovered five GR candidates. MSA analysis of these 
together with ORs and GRs of various insect species and the Daphnia GRs always confirmed the position 
of the L. y-signata GR candidates within the GR and not the OR family (Figure 4A, Figure 4—source data 1, 
Figure 4—source data 2, Figure 4—source data 3, Figure 4—source data 4, Figure 4—source data 5). Since 
expression levels of gustatory receptors are very low even in gustatory tissue (Clyne et al., 2000; Scott 
et al., 2001), we argue that ORs or at least Orco should be represented in the large, sensory tissue-specific 
transcriptome data set of L. y-signata if they are indeed part of the olfactory system in the species.
The three Orco-paralogues of T. domestica
In contrast to L. y-signata, three different Orco-related sequences were identified in the transcrip-
tome of T. domestica. All candidates were cloned as full-length coding sequences using RACE-PCR. 
The three sequences displayed different similarities to the Orco sequence of D. melanogaster, one 
sequence shared 45.8%, one 35.1%, and the third 24.4% sequence similarity at the amino acid level. 
Orco was the protein most similar to all three Orco candidate sequences (Figures 4B and 5), although 
some of the key amino acids of the coreceptor are substituted at least in TdomOrco3 (Wicher et al., 
2008; Sargsyan et al., 2011; Nakagawa et al., 2012; Kumar et al., 2013; highlighted in alignment 
Figure 5). Apart from the Orco variants, no OR-related sequences were identified, but 9 contigs for 
GR candidates were found that were assigned to seven GRs, including three candidates close to full 
length or full length and four additional fragments (Table 2 and Figure 4A).
Normal OR/Orco in the leaf insect
In the transcriptome data set of P. siccifolium, both various OR-related sequences and a single Orco 
sequence were detected (Table 2). The exact number of OR genes was hard to ascertain since some 
of the contigs were too short and did not show sufficient sequence overlap in a multiple sequence 
alignment (MSA) to be confidently identified as independent. However, in total, we identified 30 
gene fragments coding ORs, indicating that the transcriptomic approach chosen was applicable to our 
question, successfully identifying both Orco and ORs in P. siccifolium.
Orco expression in T. domestica
Considering that for all other insects analyzed so far one Orco is the norm, the appearance of 
three Orco candidates in T. domestica is highly unusual. We thus assessed the expression of the 
three candidates in different tissues using RT-PCR. For all three Orco types expression was limited to 
the antenna (Figure 6). To further assess the expression, we used in situ hybridization employing an 
antisense probe of one of the coreceptors. This led to staining of single cells below one or two basi-
conic sensilla of an antennal subsegment (Figure 7), suggesting that TdomOrco1 might indeed be 
expressed in OSNs. However, only one neuron per sensillum was stained. No signals were obtained 
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Figure 3. Color coded response profiles of L. y-signata, T. domestica, P. siccifolium and D. melanogaster. 
Spikes are sorted by neurons, with the exception of ac1, ac2, and ac4 of D. melanogaster where spike sorting 
was not possible. Means over 5 to 23 recordings were used as basis for visualization (source data are given in 
Figure 3. Continued on next page
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Only IRs in L-y-signata
As none of the experiments gave a hint for the existence of any OR or Orco-related sequence in the 
bristletail transcriptome, we focused on the second olfactory receptor family of insects, the IRs. 
Although we could not identify any OR sequences in the transcriptome, a high number of putative 
glutamate receptor coding contigs was identified (Table 2). However, only five candidate iGluRs and 
14 candidate IRs appeared to be real unigenes, possessing at least two of the three transmembrane 
domains. Some candidate sequences were extended in 3’-direction using RACE-PCR with antennal 
cDNA as template, allowing verification of unigene status and antennal expression. In MSA and 
phylogenetic analysis, the identified IRs grouped with DmelIRs (Croset et al., 2010). Among the 
identified putative LsigIRs were orthologues of the D. melanogaster coreceptors IR25a and IR8a, as 
well as one receptor similar to IR76b (Figure 8A, Figure 8—source data 1, Figure 8—source data 2, 
Figure 8—source data 3, Figure 8—source data 4, Figure 8—source data 5). As in other IRs (Benton 
et al., 2009) one or several key amino acids in the predicted glutamate binding domains were 
absent in the non-coreceptor IR candidates and LsigIR76b (Figure 8B). 7 out of 14 LsigIRs group 
close to a cluster of D. pulex IRs and the antennal IRs IR21a and IR68a of D. melanogaster, with no 
clear relationship to one or the other. None of the Lepismachilis IR candidates grouped with the 
‘divergent’ Drosophila IRs.
We then performed fluorescent in situ hybridization with RNA probes directed against the IR core-
ceptor candidates (Figure 9). Antisense probes of IR25a and IR8a led to labeling of one to three OSNs 
underneath basiconic sensilla (Figure 9—figure supplement 1). In control experiments with sense 
probes, or without any probe, no staining was obtained (Figure 9—figure supplement 2). The pattern 
of expression of IR coreceptors in OSNs of L. y-signata indicates that most OSNs are covered by this 
gene family.
All experiments thus indicate that the olfactory system of this species employs other receptors like 
IRs or GRs, with no ORs or Orco present.
Discussion
Insects provide us with an excellent opportunity to study groups of animals that have retained ances-
tral characteristics and understand how the specific building blocks in olfaction have evolved in both 
insects and other animals. Consequently, we selected insects at crucial positions of the phylogenetic 
tree with a functional olfactory system adapted to terrestrial conditions and detection of volatile chem-
icals. This species collection provides an excellent model to study the early evolution of the insect 
olfactory system.
To address which receptors are involved in odor detection in these insects and in basal insects 
in general, we applied several different approaches. Based on our transcriptome data sets, we suggest 
a stepwise evolution of the Orco/OR complex with Orco having evolved in the lineage of Dicondylia 
(Zygentoma + Pterygota) and the functional complex of Orco and ORs emerging within the pter-
ygote insects (this study, Clyne et al., 1999; Gao and Chess, 1999; Smadja et al., 2009; Vosshall 
et al., 1999; Robertson and Wanner, 2006; Kirkness et al., 2010). Although it is impossible to com-
pletely rule out the presence of ORs, none of our extensive experiments led to the identification 
of either ORs or Orco in the bristletail L. y-signata. The well-established conservation of the Orco 
Figure 3—source data 1). The same color code was used for all species, ranging from highest to lowest encoun-
tered change in activity. Neurons in grooved sensilla are indicated by blue letters (ac). For L. y-signata responses to 
odors were only obtained from neurons in porous sensilla (ab). A separation between porous and grooved sensilla 
was not possible for P. siccifolium. Sensilla were classified as antennal sensillum (as). L. y-signata neurons are mostly 
broadly tuned with comparable low change in spiking activity. For P. siccifolium a total of 23 different functional 
sensillum types were identified in SSR recordings (in comparison five in L. y-signata, five in T. domestica) suggest-
ing that leaf insects have a broader response repertoire.
DOI: 10.7554/eLife.02115.005
The following source data are available for figure 3:
Source data 1. Excel file of mean responses and baseline firing rate of the different OSN classes of L.y-signata, 
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DOI: 10.7554/eLife.02115.007
Table 2. Number of candidate contigs (not unigenes) for the different gene families identified in the 
transcriptomes of the different species
Organism Orco ORs GRs IRs
Lepismachilis y-signata – – 7 (5 above 400 bp) 17 (16 above 400 bp)
Thermobia domestica 6 (1 above 400 bp) – 9 (3 above 400 bp) 19 (9 above 400 bp)
Phyllium siccifolium 1 (1 above 400 bp) 30 (16 above 400 bp) 6 (2 above 400 bp) 32 (19 above 400 bp)
DOI: 10.7554/eLife.02115.008
coding gene through evolution suggests that it is highly unlikely that we missed it. We did, however, 
identify a number of IRs, including the IR coreceptors IR25a, IR8a, and IR76b in the L. y-signata 
antennal transcriptome. FISH allowed us to visualize expression of the IR co-receptors in a large 
number of OSNs associated with basiconic sensilla. Based on these results we propose that the 
olfactory system of L. y-signata is not based on ORs.
In insects, different sensillum types house OSNs typically responding to different sets of odors. In 
D. melanogaster IRs are the functional receptor type of OSNs in double-walled coeloconic sensilla, 
and ORs are predominantly expressed in OSNs housed in single-walled basiconic and trichoid sensilla 
(Hallem et al., 2004; Silbering et al., 2011). It follows that this organization cannot exist with just one 
sensillum type present, as is the case in Archaeognatha (Berg and Schmidt, 1997; Missbach et al., 
2011) and older hexapod taxa as the Collembola (Altner and Prillinger, 1980). The oldest insect 
taxon where double-walled sensilla were investigated is Zygentoma, which have both single-walled 
basiconic sensilla with pores and double-walled sensilla with spoke channels (Berg and Schmidt, 
1997). Coeloconic sensilla differ dramatically from the single-walled trichoid and basiconic types in 
both wall structure and in internal environment. The coeloconic structure has been thought to be a 
prerequisite for IR function (Benton et al., 2009; Guo et al., 2014). However, in the Archaeognatha 
we find that IRs are most likely located in OSNs of Sensilla basiconica. IRs might thus have evolved in 
a single-walled sensillum and did not find their modern, coeloconic environment until neopteran 
insects evolved.
In the bristletail L. y-signata, we found that many of the OSNs are very broadly tuned, responding 
to volatiles with several different functional groups at higher doses. However, broadly tuned receptors 
might not have high affinities. By counting and integrating molecules over longer times, OSNs could 
include even low-probability binding events in generating their response (Firestein, 2001). This might 
also mean that the system does not have a high temporal resolution, which seems to be a fair trade-off 
for a walking insect that lives in its substrate.
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Figure 4. ORs and GRs of L. y-signata, T. domestica, and P. siccifolium. (A) Dendrogram displaying the relationship of identified OR and GR candidates 
of L. y-signata, T. domestica, and P. siccifolium to D. melanogaster (Clyne et al., 1999; Gao and Chess, 1999; Vosshall et al., 1999) and Apis mellifera 
(Robertson and Wanner, 2006) GR and OR proteins, and Daphnia pulex GRs (Peñalva-Arana et al., 2009). The dendrogram was determined by 
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The response spectrum of Drosophila IRs is much narrower than the responses we find in the bristletail. 
If IRs are the only olfactory receptor type in basal insects they should exhibit a broader spectrum 
of possible ligands, including acids, aldehydes, alcohols, but also esters and ketones, as revealed in 
our physiological measurements. One additional observation in the bristletail is that many of those 
neurons have a broad overlap in their response spectra. One hypothesis to explain an IR-based olfac-
tory system in L. y-signata would be very broad tuning of single receptors, another that the selectivity 
of OSNs could be regulated by combinations of different IRs.
In D. melanogaster, one conserved IR (IR64a) is expressed in different subpopulations of sensilla 
in the third chamber of the sacculus (Silbering et al., 2011). Corresponding OSNs are activated 
either by free protons or organic acids and many other odors, including esters, alcohols, and ketones 
(Ai et al., 2010). Expression of this IR together with IR8a is both necessary and sufficient for sensitivity 
towards organic acids and other odors, but probably requires a different, until now unknown cofactor 
to mediate the specific response of OSNs to inorganic acids and CO2 (Ai et al., 2010).
Alternatively, GR candidates could account for part of the non-neopteran olfactory setup, espe-
cially since it has been shown that GRs can add to the olfactory repertoire (Tauxe et al., 2013). 
Putative contact chemosensory sensilla are highly abundant on the antennae of L. y-signata 
(Missbach et al., 2011) and T. domestica (Adel, 1984). Both detection of sugars/amino acids (shown 
for T. domestica: Hansen-Delkeskamp, 2001) and a proposed contact-pheromone (Fröhlich and 
Lu, 2013) likely involve GRs, indicating that involvement of the limited set of GRs beyond this scope 
is unlikely.
However, these data do not explain the presence of three different Orco variants in the firebrat. 
So far only one Orco orthologue has been identified in each studied insect species (e.g., Krieger et al., 
2003; Pitts et al., 2004; Smadja et al., 2009; Yang et al., 2012). All T. domestica variants were found 
to be expressed in antennae, suggesting their involvement in chemosensation. TdomOrco3 even has 
an amino acid exchange of a functional important residue from asparagine to glutamic acid at position 
466. This residue was demonstrated as critical for the ion channel function in D. melanogaster, where 
substitution of D466 with amino acids other than glutamic acid resulted in a substantial reduction in 
channel activity, but substitution to glutamic acid leads to an increase in sensitivity of the heteromeric 
receptor complex (Kumar et al., 2013). Additionally, this residue is highly conserved across insects 
(Kumar et al., 2013) including two of the three T. domestica Orcos (this study).
While the antennal expression argues for a potential involvement in chemosensation, the existence 
of three Orco types remains mysterious. It will be part of future studies to investigate if the Orco can-
didates form heterodimers with other receptors like GRs or with each other to build functional recep-
tors or if they fulfill a channel function in other processes than olfaction.
maximum likelihood analysis of a MAFFT-Alignment using FastTree2. All L. y- signata candidates group within the GRs. Only candidates with a translated 
amino acid sequence longer than 120 amino acids and overlap in multiple sequence alignment were taken for analysis, since ORs and GRs are highly 
divergent and only unigenes should be included in the analysis (all candidate OR and GR sequences of L. y-signata, T. domestica and P. siccifolium are 
given in Figure 4—source data 1 for amino acids and Figure 4—source data 2 for nucleotide sequences). For T. domestica, we identified three 
different variant Orco types that were included in the analysis as full length translated amino acid sequences. (B) Blow-up of the dendrogram showing 
the support values for the coreceptor subgroup. The whole group is well supported.
DOI: 10.7554/eLife.02115.009
The following source data are available for figure 4:
Source data 1. Amino acid sequences of putative olfactory and gustatory receptors of L. y-signata, T. domestica, and P. siccifolium. 
DOI: 10.7554/eLife.02115.010
Source data 2. Nucleotide sequences of putative olfactory and gustatory receptors of L. y-signata, T. domestica, and P. siccifolium. 
DOI: 10.7554/eLife.02115.011
Source data 3. MAFFT-alignment of OR and GR candidates of L. y-signata, T. domestica, P. siccifolium and D. melanogaster (Clyne et al., 1999, Gao and 
Chess, 1999, Vosshall et al., 1999) and Apis mellifera (Robertson and Wanner, 2006) GR and OR proteins, as well as Daphnia pulex GRs done. 
DOI: 10.7554/eLife.02115.012
Source data 4. FastTree file resulting from the MSA of Figure 4—source data 3 (can be opened with FigTree). 
DOI: 10.7554/eLife.02115.013
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Figure 5. Multiple sequence alignment of T. domestica  Orcos. Alignment of T. domestica Orcos with Orcos of Acyrthosiphon pisum (GI:328723530), 
A. mellifera (GI:201023349), D. melanogaster (GI:24644231), Schistocerca gregaria (GI:371444780), Pediculus humanus corporis (GI:242009783), 
P. siccifolium (this study). Important amino acids are highlighted in colored boxes (purple: effect on ion permeability, Wicher et al., 2008; green: 
phosophorylation sites for PKC of DmelOrco, Sargsyan et al., 2010; blue: affect spontaneous and evoked action potentials in receptor complex, 
Nakagawa et al., 2012; red: important residue for channel activity, Kumar et al., 2013).
DOI: 10.7554/eLife.02115.015
L1 L3L2 H1 H3H2 B1 B3B2
Figure 6. Expression of T. domestica Orcos. Using RT-PCR Orco expression was detected in the antennae (A) of 
T. domestica, but not in legs (L), heads without antennae and palps (H), and bodies (B). Primer sequences are given 
in Figure 6—source data 1.
DOI: 10.7554/eLife.02115.016
The following source data are available for figure 6:
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Figure 7. In situ hybridization on whole mount antennae of T. domestica using a Dig-labeled TdomOrco1 
antisense probe. (A) Part of a T. domestica antenna. Combined image of fluorescent and transmitted light channel 
taken with cLSM. The positions of pored sensilla are indicated by arrowheads, with the upper sensillum displayed in 
the small box in the upper right corner. Labeled cell bodies are assigned by asterisks. (B–E) Single confocal planes 
through the antenna. Only a single soma close to each pored sensillum is labeled suggesting that only one neuron 
per sensillum expresses this Orco variant. In B and D some precipitate is visible. (C and E) Same image section as B 
and D, but without transmitted light. (F) Transmitted light image of a part of a second antenna. Location of a pored 
sensillum is again assigned by an arrowhead. A grooved sensillum indicated by a black circle is situated on the 
opposite side of the antenna. (G) Same part of the antenna taken with transmitted light and fluorescent channel. 
Again only one soma is labeled close to a pored sensillum. g: Only the Dig signal. Cuticle shows a strong autofluo-
rescence on both sides. H, h: No signal was obtained close to a grooved sensillum. (I) Part of another antenna with 
a pored and a grooved sensillum on the same annulus. K, k: Image section from the part of the antenna close to 
the pored sensillum. A single soma is labeled by the probe. k: Only the fluorescent signal. L, l: No soma was 
labeled close to the grooved sensillum. For sense controls view Figure 7—figure supplement 1. Scale bars A–F, 
H, I, L: 20 m; g, K, k: 10 m.
DOI: 10.7554/eLife.02115.018
Figure 7. Continued on next page
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Altogether our data suggests that ORs evolved in insects after the emergence of Archaeognatha 
and Zygentoma, and therefore long after insects transitioned to a terrestrial lifestyle. At the time when 
flying insects occurred, the vegetation on earth was rapidly spreading and diversifying. ORs might not 
only increase the diversity of detected chemicals, but also allow the olfactory system to rapidly assess 
airborne odors. This is especially important for insects for which stimulus contact is very short and a 
fast response time is critical (Getahun et al., 2012). The oldest flying insect orders Odonta (dragon-
flies and damselflies) and Ephemeroptera (mayflies) were traditionally considered to be anosmic, 
lacking both a glomerular antennal lobe and mushroom body calyces (Strausfeld et al., 1998; Farris, 
2005). Recent studies have shown that at least dragonflies have an aerial sense of smell (Rebora et al., 
2012). However the small antennae and the low number of olfactory sensilla will make it even more 
challenging to identify putative ORs and Orco in antennal transcriptomes. ORs were definitely present 
in the last common ancestor of ‘hemi’- and holometabolan insects at least 318–300 million years ago, 
with Orco present in both groups (this study, Krieger et al., 2003; Pitts et al., 2004; Smadja et al., 
2009; Yang et al. 2012). The increasing dispersion of vascular plants together with the development 
of wings and a secondary wing articulation opened new and wider ranges of habitats and ecological 
niches for insects and the receptors to find them.
Material and methods
Animals
Different stages and sexes of Lepismachilis y-signata were collected at several locations around Jena 
(Germany). Animals were kept under normal light conditions and room temperature, in plastic boxes 
with paper towel on the ground, covered with bark with lichens, dried grassroots, and dead leaves of 
maple (Acer campestre, Sapindaceae). The boxes were moistened twice a week.
Firebrats of the species Thermobia domestica were obtained from a colony of the Botanical garden 
of Friedrich-Schiller University of Jena. Animals were maintained in a plastic container with paper 
towel on the bottom and egg cartons filled with cotton at around 25°C and 50–75% humidity, and 
were fed fish food (Zierfischflocke, TFH-Haimerl, Roding, Germany).
Different stages and sexes of Phyllium siccifolium were provided by the Institute of Systematic 
Zoology and Evolutionary Biology of the Friedrich-Schiller University of Jena. Animals were kept in a 
big gaze cage at 25°C and normal light cycle feeding on blackberry leaves. The substrate was moist-
ened every second day.
Physiology
Odorants
Pure odorants were diluted (10−2) in hexane or in water as appropriate. Diluted odors (10 l) were 
pipetted onto a small piece of filter paper ( 1 cm2) and placed inside a glass Pasteur pipette. For 
odorant application, a stimulus controller was used (Stimulus Controller CS-55, Syntech, Hilversum, 
The Netherlands).
Single sensillum recordings (SSR)
Adult animals were immobilized and the antennae were placed in a stable position. Sensilla were local-
ized at 1000x magnification and the extracellular analog signals originating from the OSNs were 
detected by inserting a tungsten wire electrode in the base of a sensillum. The reference electrode 
was inserted into the eye or the body. Signals were amplified (10x; Syntech Universal AC/DC Probe), 
sampled (10,667.0. samples/s), and filtered (100–3000 Hz with 50/60 Hz suppression) via USB-IDAC 
connection to a computer (Syntech). Action potentials were extracted as digital spikes from the analog 
signal according to top–top amplitudes using Syntech Auto Spike 32 software. Neuron activities were 
recorded for 10 s, starting 2 s before a stimulation period of 0.5 s. Responses of individual neurons 
were calculated as the increase (or decrease) in the action potential frequency (spikes/s) relative to the 
The following figure supplements are available for figure 7:
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Figure 8. Ionotropic glutamate receptors of L. y-signata, T. domestica, and P. siccifolium. (A) Analysis of the relationship between L. y-signata, 
T. domestica, P. siccifolium, D. melanogaster and D. pulex iGluRs and IRs (D. melanogaster and D. pulex sequences were sequences taken from 
Croset et al., 2010). Amino acid sequences were aligned using the MAFFT alignment tool plug-in in Geneious Pro 5.0.4 (BLOSUM72, gap open 
Figure 8. Continued on next page
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pre-stimulus frequency. Sensilla were classified as basiconic, coeloconic, or trichoid based on morpho-
logical criteria. Further subdivision of distinct sensillum types was based on response profiles of all the 
OSNs housed within, independently from their possible olfactory receptor.
SEM
Male and female antennae were cut at the base and fixed in glutaraldehyde. Antennae were dehy-
drated in an ascending ethanol series (70%, 80%, 90%, 96%, 3 × 100% ethanol, 10 min each), critical 
point dried (BAL-TEC CPD 030, Bal-Tec Union Ltd., Liechtenstein), mounted on aluminum stubs with 
adhesive film and sputter coated with gold on a BAL-TEC SCD005 (Bal-Tec, Balzers, Liechtenstein). 
Micrographs were taken with a LEO 1450 VP scanning electron microscope (Zeiss, Wetzlar, Germany).
Molecular Biology and bioinformatics
RNA extraction
Antennae and maxillary palps were cut off close to the base and were transferred to Eppendorf 
cups chilled over liquid nitrogen. RNA of different tissues, respectively antennae, palps, heads, whole 
bodies and juveniles (unscaled juvenile stadia) was isolated using TRIzol isolation following the 
manufacturer’s instructions, but replacing chloroform with 1-bromo-3-chloro-propane. Total RNA was 
dissolved in RNase free water and total RNA quality and quantity measured using an Agilent Bioanalyzer 
(Agilent Technologies, Santa Clara, USA).
Transcriptome sequencing
RNASeq was performed for L. y-signata RNA using the HiSeq 2000 (TruSeq SBS v5) Sequencing System 
from Illumina, utilizing the single read 100 bp (+7 index) technology at Eurofins MWG/Operon (Berlin). 
The resulting 22’444’128 reads were filtered for vector and linker sequences, as well as contaminants by 
Eurofins. A second RNASeq run for deeper sequencing was done using the HiSeq2500 at the Max Planck 
Genome centre in Cologne, resulting in 77’060’687 paired end reads of 100bp. Additionally to the tran-
scriptomes of L. y-signata chemosensory tissues, a pooled transcriptome of whole body and head RNA 
was generated at Eurofins MWG/Operon (Berlin) using single read 100 bp (+7 index) technology.
Both T. domestica and P. siccifolium RNA was sequenced using the HighSeq2500 Sequencing 
system generating 27’704’231 paired end reads for T. domestica and 30’762’777 paired end reads of 
P. siccifolium. Before sequencing rRNA depletion was performed at the Max Planck Genome centre. 
Since the depletion did not work out for L. y-signata, a much deeper sequencing was performed in 
the second sequencing run as described above.
Bioinformatics
Removal of duplicate reads and de novo assembly was performed with CLC Genomics Workbench 
5.5 (CLCbio, Copenhagen, Denmark). Sequence databases were generated in Geneious Pro 5.0.4 
(Biomatters, Auckland, New Zealand). Within these databases, we manually tBLASTn searched for 
penalty: 1.53, offset value: 0.123, E-INS-i settings). The dendrogram was generated using maximum likelihood analysis with FastTree2. (All candidate  
IR sequences of L. y-signata, T. domestica, and P. siccifolium are given in Figure 8—source data 1 for amino acids and Figure 8—source data 2 for 
nucleotide sequences) (B) Excerpts of the alignment showing the predicted glutamate binding domains and key amino acids. Mutations in one or 
several of the key amino acids are a structural feature to distinguish between iGluRs and IRs, although they can be present in the coreceptors.
DOI: 10.7554/eLife.02115.020
The following source data are available for figure 8:
Source data 1. Amino acid sequences of putative variant ionotropic glutamate receptors of L. y-signata, T. domestica, and P. siccifolium. 
DOI: 10.7554/eLife.02115.021
Source data 2. Nucleotide sequences of putative variant ionotropic glutamate receptors of L. y-signata, T. domestica, and P. siccifolium. 
DOI: 10.7554/eLife.02115.022
Source data 3. MAFFT amino acid alignment of iGluR and IR candidates of L. y-signata, T. domestica, P. siccifolium, D. melanogaster, and D. pulex 
(D. melanogaster and D. pulex sequences were sequences taken from Croset et al., 2010). 
DOI: 10.7554/eLife.02115.023
Source data 4. FastTree file resulting from the MSA of Figure 4—source data 3 (can be opened with FigTree). 
DOI: 10.7554/eLife.02115.024
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Figure 9. In situ hybridization on the antenna of L. y-signata using a Dig-labeled LsigIR25a antisense probe. On the 
left: schematic drawings of the position of the different sensillum types on the particular antennal subsegment.  
The legend for the sensillum types is given below the confocal images. (A–D) Labeling of somata in a subsegment 
of an antenna. Mostly two somata were labeled with the probe. The positions of the somata were in line with the 
positions of basiconic sensilla, but not gustatory and mechanosensory sensilla. Ultrastructural investigation of 
basiconic sensilla of Machilis sp. (Archaeognatha) and Lepisma saccharina (Zygentoma) suggests that the sensory 
neurons are located in a distance of at least 25 m from the sensillum base in the extension of the sensillum 
(Berg and Schmidt, 1997). Therefore, we concluded that the labeled somata correspond to neurons housed in 
basiconic sensilla. These sensilla were colored red in the drawing on the left. (A) Transmitted light overview with 
asterisks labeling basiconic sensilla. Image sections given in B–D are indicated by white boxes and the correspond-
ing letters. a: Projection of confocal planes recorded with Argon laser at a wavelength of 488 nm to identify the 
position of basiconic sensilla. (B–D) Overlaid transmitted light and fluorescent images of labeled somata. b–d: 
Images without transmitted light channel. (E–I) Labeling of somata in a second antenna. Parts of two antennal 
segments that are separated by an antennal break point. The break point can be recognized by a thinner segment 
on the distal part of the antennae or by a special trichoid sensillum that is only present on the segment proximal to 
a breaking point. (E and F) Transmitted light images of the antenna. E is more from the top. Image sections given in 
G–I are indicated by white boxes and the corresponding letters. F is more central plane. Asterisks denote the 
location of a basiconic sensillum. (G–I) Overlaid confocal images of labeled neurons. Images are projections of 
three confocal planes. On some positions the cuticle is given a background signal. g–i: Images without transmitted 
light channel. Scale bars: A–C, G–I: 20 m, E: 50 m, D: 10 m.
DOI: 10.7554/eLife.02115.026
Figure 9. Continued on next page





























Genomics and evolutionary biology
Missbach et al. eLife 2014;3:e02115. DOI: 10.7554/eLife.02115 18 of 22
Research article
olfactory receptors (ORs), antennal ionotropic receptors (IRs), and gustatory receptors (CSPs). Templates 
for manual searches were the published amino acid sequences of the respective gene families of 
Drosophila melanogaster, Bombyx mori, Pediculus humanus, Apis mellifera, Acyrthosiphon pisum, and 
Daphnia pulex, as well as identified sequences of L. y-signata, T. domestica, and P. siccifolium.
Contigs with similarity to a member of these gene families were edited and subject to personal 
scrutiny of blast results, as well as further analysis. ORFs were identified and translated into amino acid 
sequence in Geneious Pro 5.0.4. Alignments with other members of the respective gene families were 
carried out using MAFFT (E-INS-I parameter set; Katoh et al., 2005). Dendrograms were calculated 
using maximum likelihood analysis with FastTree2 (Price et al., 2009; Liu et al., 2011) and displayed 
and edited with FigTree (http://tree.bio.ed.ac.uk/software/figtree). Candidates were named with the 
abbreviation for the gene family and ascending numbers with the exception of coreceptors, where a 
clear homology could be assigned. The body transcriptome of L. y-signata was independently screened 
for both ORs and Orco-related sequences.
Gene Ontology (GO) annotation was performed with Blast2GO (http://www.blast2go.com/b2ghome, 
Conesa et al., 2005).
HMMR-design
HMMER v3.0 (Eddy, 2011) was used to construct HMM profiles based on a multiple sequence align-
ment of Orco sequences of D. melanogaster, Apis mellifera, Tribolium castaneum, and Manduca sexta 
resulting in three local HMM (83bDom_1: VKHQGLVADLMPNIRLMQMVGHFMFNYYS,
83bDom_4: TVEIPRLMIKSWYPWDAMHGM,
83bDom_5: DVMFCSWLLFACEQLQHLKAIMKPLMELSASLDTYRPNS) profiles and a global HMM pro-
file. Profiles were used to search online against nr (http://hmmer.janelia.org/search/phmmer) to test the 
quality of the generated HMM profiles. Profiles were used subsequently to screen the antennal and 
maxillary palp transcriptome database of L. y-signata using the command line version of HMMER.
cDNA synthesis for RT-PCR
SuperScript III First-Strand Synthesis System (Invitrogen, Life Technology, Grand Island, USA) was used 
for cDNA synthesis according to the manufacturer’s instructions, including a DNAse digestion step.
Receptor cloning
To validate and extend candidate sequences total RNA was purified using the Poly(A)Purist MAG Kit 
(Ambion, Life Technologies, Grand Island, USA). Synthesis of cDNA was performed using the SMARTer 
RACE cDNA Amplification Kit (Clontech, Mountain View, USA). Gene-specific primers were designed 
against receptor candidates (Primer3 v.0.4.0, Whitehead Institute for Biomedical Research and Oligo 
Calc version 3.26). RACE-PCR amplification was done according to the manufacturer’s instructions.
FISH
Biotin- and digoxigenin (DIG)-labeled sense and antisense probes targeting candidates were prepared 
using a T7/Sp6-Polymerase (ROCHE, Berlin, Germany) as per manufacturer’s instructions, a Biotin RNA 
Labeling Mix 10x conc. (ROCHE) or DIG RNA Labeling Mix 10x conc. (ROCHE), and incubating 3 hr at 
37°C. RNA was precipitated and washed once with 70% ethanol, dissolved in water and finally diluted 
in hybridization buffer. Probes were fragmented to a length of about 600 nucleotides (Angerer and 
Angerer, 1992).
Antennae of adult L. y-signata and T. domestica were cut off, shortly dipped in distilled water 
with Triton X-100 (Sigma Aldrich, St. Louis, USA) and fixed for 24 hr in 4% PFA (ROTH, Karlsruhe, 
Germany) in 1 M NaHCO3 (Sigma Aldrich, pH 9.5). The antennae were washed in 1xPBS containing 
The following figure supplements are available for figure 9:
Figure supplement 1. In situ hybridization on the antenna of L. y-signata using an antisense probe directed 
against the IR coreceptor IR8a. 
DOI: 10.7554/eLife.02115.027
Figure supplement 2. In situ hybridization on the antenna of L. y-signata using sense probes directed against the 
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0,03% TritonX100 and incubated in 0.2 M HCl (0.03% TritonX100) for 10 min. Afterwards, antennae 
were rinsed twice in 1xPBS (1% TritonX100) and autoclaved distilled water. After incubation in 
2xSSC (3 M NaCl, ROTH; 0.3 M C6H5Na3O7*2H2O, Sigma; pH 7.1) at 70°C a treatment with Proteinase K 
(1U/ml Proteinase Buffer) at 37°C for 30 min followed. The antennae were thoroughly washed in PBS 
and fixed again for 20 min. Fixative was washed away with PBS and antennae pre-hybridized in 
Hybridization Buffer for 8 hr at 55°C. Hybridization was performed at 55°C for 2 to 3 days. DIG-labeled 
probes were detected using an anti-DIG-conjugated antibody in combination with HNPP/FastRed 
(HNPP Fluorescent Detection Set, Roche), biotin-labeled probe using a TSATM Flouresin System. 
Preparations were analyzed using a Zeiss LSM510 Meta (Zeiss, Jena, Germany).
Due to the modular organization of the antenna, with compartments of a size varying between 5 
and 12 annuli, and to the repetitive pattern of olfactory sensilla between the compartments, we did 
not need to map labeling of neurons along the whole antenna.
Image processing
Contrast and false color images were optimized in Zeiss LSM Image Browser (Version 4,0,0,157). 
Further image processing, including cutting and image mode conversion was done in Adobe Photoshop 
CS4, figures were prepared in Adobe Illustrator CS4.
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Figure 7-supplement 1: In situ hybridization on the antenna of T. domestica using sense 
probes directed against the TdomOrco1. 
A: Transmitted light images taken with cLSM. The position of olfactory sensilla is indicated 
by arrowheads.  
B, C, D, E: Projection section through the antennae. No Dig signals were obtained using the 
sense probes of TdomOrco1.  











Figure 9-supplement 1: In situ hybridization on the antenna of L. y-signata using an 
antisense probe directed against the IR coreceptor IR8a.  
On the left: Schematic drawings of the position of the different sensillum types on antennae. 
The legend for the sensillum types is given below the confocal images. 
A-I: Labeling of somata in a subsegment of one antenna, with A and D showing the position 
of basiconic sensilla in the transmitted light channel. Images that are shown in B, C and E-I 
are indicated by white boxes and the corresponding letters. B, C, E-I: Overlaid transmitted 
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light and fluorescent images of single confocal planes through the dorsal side of the antenna. 
The signals are lineal to basiconic sensilla in a distance of about 20 to 25 μm to the base of 
the sensillum. Therefor we conclude that the labeled somata correspond to basiconic sensilla. 
For the somata in I we could not find a corresponding sensillum. It might be situated on the 
backside of the antenna. Red fluorescence on the sides is due to autofluorescence of the 
antennal cuticle. 
K-R: Labeling of somata in a second antenna.  
K,k1-k4: Transmitted light images of different focal planes, giving an overview about the 
position of basiconic sensilla on this antennal subsegment.  
O: Merged image of transmitted light image and overlaid confocal and transmitted light 
image. Detailed images of the signals within the white boxes are displayed with 
corresponding letters around the overview image (L-N, P). 
R: Single optical section through the antenna. Background fluorescence according to antennal 
cuticle and sensillum bases made whole antennal projections not possible. Very pronounced 
on this picture are the antennal scales on the right side of the antenna and the bottom of the 
picture.  









Figure 9-supplement 2: In situ hybridization on the antenna of L. y-signata using sense 
probes directed against the IR coreceptors IR25a, IR8a. 
A, D, G: Transmitted light pictures of antennal excerpts. Asterisks mark positions of basiconic 
sensilla, arrowheads places were coeloconic-like sensilla are located. No signals were 
obtained in the sense controls. 
A - C: IR25a sense probe. 
D – F: IR8a sense probe.  
All scale bars 20 μm. 
DOI: http://dx.doi.org/10.7554/eLife.02115.028 
 






Experiment 1: Microarrays 
 
Lepismachilis y-signata transcriptome sequence data of an initial assembly with a length 
above 400 nucleotides were used for the design of 4x 180k microarrays based on the eArray 
platform (Agilent Technologies; https: // earray.chem.agilent.com/ earray/), with a final 
number of 176030 non-control probe set and 4854 Agilent Technologies built in controls 
(structural and spike in). The cut-off of 400 nucleotides was set to maximize the precision of 
TMHMM profile prediction in the GO annotation for subsequent analysis. One-Color 
microarray hybridizations were performed on two SurePrint G3 Custom GE 4x180K (Agilent 
Technologies), using four independent pooled probes of thoracic musculature, representing 
non-antennal or non-sensory tissue. Total RNA was extracted as described in Chapter I, but 
double purified, using the RNeasy MinElute Cleanup Kit (Qiagen) following the 
manufacturer’s protocol. RNA integrity and quantity was verified on an Agilent 2100 
Bioanalyzer using the RNA Nano chips (Agilent Technologies). RNA quantity was 
determined on a Nanodrop ND-1000 spectrophotometer. Agilent Technologies spike-in RNA 
was added to 100 ng of total RNA and labelled using a combination of the Low Input 
QuickAmp Amplification kit (Agilent Technologies) and the Kreatech ULS Fluorescent 
Labeling Kit with cyanine 3-CTP dye following the manufacturer’s instructions. Labelled 
amplified cRNA samples were purified using Qiagen RNeasy MinElute columns and 
analyzed on a Nanodrop ND-1000 spectrophotometer using the microarray function. 
Amplified cRNA samples were used for microarray hybridisation only if the specific activity 
is >6.0 pmol Cy3 per ug cRNA and 1600 ng of cyanine 3 labeled cRNA were used for each 
array. Hybridization was carried out at 65oC for 17 hours and microarray slides were washed 
in GE Wash Buffers according to the manufacturer´s instructions (Agilent Technologies). 
Slides were treated in Stabilization and Drying Solution, scanned with the Agilent Microarray 
Scanner and data was extracted from the TIFF images with Agilent Feature Extraction 
software version 9.1.  
Raw data output files (text files) from the feature extraction software were analyzed using the 
GeneSpring GX11 microarray analysis software. The data points were normalized between 
arrays to the median intensity and log base 2-transformation of the normalized data. Further 
analysis using Genespring GX 11 focused on the identification of absent/present scores of all 







Contigs that were found to be present in at least three of the muscle samples were subtracted 
from the entire assembly. Remaining contigs were examined for interesting annotations. 
Contigs with GO-annotations like “protein” or without annotation, but putative 
transmembrane domains were blasted against each other using Geneious Pro 5.0.4 to find 
groups of contigs with high similarity. Additionally cluster analysis using the same contigs 
was performed in CLANS (Cluster ANalysis of Sequences, Frickey and Lupas, 2004, 
http://freelancingscience.com/2008/01/22/clans-java-tool-for-cluster-analysis-of-sequences/). 
Resulting clusters bigger than two contigs were analyzed in more detail using Geneious Pro.  
 
Results 
The fact that we were not able to identify any OR coding sequences using the techniques 
described in Chapter I could be an artifact due to the evolutionary distance of L. y-signata to 
all insect species with reported OR coding genes, as well as the diverse nature of these genes. 
To test this hypothesis we performed additional analyses using a microarray based on all 
contigs above 400 bases to create a secondary dataset, subtracting ESTs expressed in muscle 
tissue from the total sequence set. This procedure limits the total gene number and removes 
commonly expressed non-olfactory genes, reducing the number of contigs to assess to 3739 
that are not active in muscular tissue. Of these 511 contigs were either not annotated or 
annotated only as “proteins” and could therefore not be excluded as candidates. Furthermore, 
they featured transmembrane domains predicted in Blast2GO, an expected characteristic of 
any receptor type. Cluster analysis was used to search for clusters of contigs that could 
represent a new group of olfactory receptors, or non-annotated OR genes. Sequences that 
formed clusters bigger than two sequences were analyzed in more detail. We found eight 
clusters (5x2 sequences, 2x3 sequences, 1x4 sequences). Sequences were translated in all 
frames and investigated for transmembrane domains. None of the sequences within clusters 
turned out to have TMDs or other motifs expected from a new receptor in their longest 
predicted ORF. The TMDs predicted in the course of BLAST2GO analysis belonged to 
translations in other frames and were interrupted by multiple stop codons, invalidating the 
prediction. Candidates of one triple cluster exhibited AAPA-tetrapeptide repeats in their 
hydrophobic region, similarly to chitin-binding proteins. Sequences of two double clusters 
related to other sequences within the transcriptome were excluded as putative receptors based 
on their translated amino acid sequence. All of these predicted amino acid sequences had a 




very high glycine content and their overall identity was 23.4% (41.7% pairwise identity). By 
blasting the consensus sequence we got a hit against an Ixodes glycine-rich protein described 
as salivary gland peptides or cuticle proteins. A function in odor detection is therefore highly 
unlikely. 
 
Experiment 2: Immunohistochemistry 
 
Immunostaining of L. y-signata and Thermobia domestica was performed on whole mount 
antennae and on cryosections. Sympetrum sanguimeum (Odonata: Libellulidae), Phyllium 
siccifolium, Schistocerca gregaria and Manduca sexta (Lepidoptera: Sphingidae) antennae 
were only treated as whole mount. 
For whole mount immunostaining antennae were dissected in ice cold phosphate-buffered 
saline (PBS, 0.1 mol, pH 7.4) and fixed in 4% paraformaldehyde in 0.1M PBS overnight at 
4°C. After fixation the antennae were washed several times with PBS for at least 2 h, 
followed by pre-incubation in 0.1M PBS containing 0.3% TritonX-100 (PBST) and 1% 
bovine serum albumin (Sigma-Aldrich) for 6 h at 4°C. Afterwards the antennae were 
incubated in primary antiserum (anti-R2 1:500 in PBST, kindly provided by Jürgen Krieger, 
University of Hohenheim) for 2 days at 4°C. After incubation in primary antiserum, antennae 
were washed several times with PBS for at least 2 h at RT and then incubated in secondary 
antiserum containing conjugated Alexa Fluor488 anti-rabbit (1:500, Invitrogen) for 2 days at 
4°C. Then the antennae were washed several times with PBS for 4 h and mounted in 
MOWIOL (Calbiochem). 
For cryosections antennae were dissected as described above, shortly dipped in PBS 
containing a little Triton for better surface coating in Tissue-Tek® OCT™ Compound 
(SAKURA). Antennae were cut in 12 μm sections (Cryo-Star HM560M, Microm) and 
mounted onto Superfrost* Ultra Plus Adhesion Slides (Thermo SCIENTIFIC). Sections were 
air-dried and fixed with PFA for 15 min. Staining procedure was performed as described 
above, but with shorter incubation times using 30 min for preincubation and blocking, 
overnight incubation with primary antibody solution and 2 h incubation with secondary 
antibody.  





Figure 1. Labeling potential of the R2 antibody. A: Extract of a multiple sequence alignment of predicted 
Orco proteins of various insect species and the epitope used for R2 antibody production. The epitope is 
conserved enough to successfully label OSN dendrites (arrowheads in B and D) and cell bodies of Schistocerca 
gregaria (B) and Manduca sexta (C, D). Scale bars: B, C: 50 μm, D: 10 μm. 







Figure 2. No Orco-immunoreactivity in the antenna of Lepismachilis y-signata  
A-C: Details of one antennal compartment with special focus on olfactory basiconic sensilla. No signals were 
obtained from the dendrites, cell bodies and antennal nerve. Asterisks mark the position of olfactory sensilla. 
Below: Typical antennal segment of L. y-signata and distribution of basiconic sensilla. Black boxes show the 






Figure 3. Localization of olfactory sensilla and Orco-immunoreactivity in antennae of Thermobia 
domestica, Sympetrum sanguineum and Phyllium siccifolium  
A, B: Olfactory sensilla of T. domestica. Both sensilla with pores (A and asterisk in B) and grooved sensilla 
(arrowheads in B) were localized on the antennae. The pattern of sensilla is very sterotyped. SEM pictures (a1, 
b2) could be easily correlated with confocal images (A, a2, B, b1). No OSNs exhibiting Orco-ir were found in 
antennae of T. domestica.  
C: Localization of olfactory sensilla on the antennae of S. sanguineum (the area were sensilla were located is 
labeled in red). c1: Sensilla with pores were localized in pits. c2: Projections of several cLSM slices. Sensilla 
were nicely visible inside the pits.  c3: A single optical plane through the antenna. OSNs showed no Orco-ir.  
D: Detail of a male antenna that is covered by trichoid sensilla (see also d1). These sensilla (asterisk) were 
innervated by Orco-ir exhibiting OSNs.  
E: The antennal tip is covered by a high number of different sensilla, including porous and grooved sensilla (e1). 
Although Orco-ir was not obtained in all sensilla, it was not possible to assign the signals to either grooved or 
pores sensilla, because both sensillum types appeared quite similar in the sections.  











Since ORs are typically very diverse we focused on the considerably more conserved 
olfactory coreceptor Orco. We tried to verify Orco presence in L. y-signata using an Orco-
antibody (kindly provided by J. Krieger, University of Hohenheim, Stuttgart, Germany). The 
antibody is directed against an epitope with 100% amino acid identity across lepidopteran 
Orco homologs. M. sexta, S. gregaria and P. siccifolium antennae were used as positive 
control to verify the labeling potential of this antibody. No signals whatsoever were obtained 
in L. y-signata and T. domestica using either whole antennae (Fig.2, 3) or cryosections (not 
shown), although clear signals were obtained in similar preparations from S. gregaria, P. 
siccifolium and M. sexta (Fig.1, 2). However, it is unclear if Orco is absent in L .y-signata or 
just too dissimilar to the original epitope the antibody is directed against, especially since we 
have shown the existence of multiple Orco variants in T. domestica, but did not obtain a 
signal using the R2 antibody.  
 
Experiment 3: Orco cloning using degenerated primers 
 
Two pairs of already published degenerated primer pairs (Krieger et al., 2003: sense: 5’-
GYTNATHTTYGCNTGYGARC-3’, antisense: 5’-GCYTTYTGRCAYTGYTGRCA-3’ and 
Yang et al., 2012: sense: 5’-GCNATHAARTAYTGGGT-3’, antisense: 5’-
TTYTGRCAYTGYTGRCAYAC-3’) as well as three additional custom made primer pairs 
(sense: 5’-TGGGTNGARMGNCAYAARCA-3’, sense: 5’-AARTAYTGGGTNGARMGNC 
A-3’, sense: 5’-GYTNATHTWYGCNTGYGARC-3’, anti: 5’-GCNCCNARNACHGADRC 
RAA-3’, anti: 5’-AYNKTRAARAAYTTNGCNCC-3’, anti: 5’-TCYTCNGANCCRTCRTAC 
CA-3’) were used for amplification of Orco fragments from antennal cDNA template of L. y-
signata, T. domestica and P. siccifolium. Antennal cDNA of S. gregaria, respectively M. 
sexta was used as positive control. Advantage® 2 Polymerase Mix (Clontech, USA), 1 μl of 
antennal cDNA and 100 pmol of each degenerated sense and antisense primer were used in a 
standard 25 μl PCR reaction. PCR conditions used were: 2 min at 95°C, then 40 cycles with 
95°C for 30 s, 53°C for 40 s and 68°C for 1 min, followed by incubation for 7 min at 68°C. 
The conditions allowed for an amount of unspecific amplification even in the positive 
controls. PCR products were run on 1.2% agarose gels and visualized by ethidium bromide. 
We used all possible combinations of primers published by Yang et al., 2012 and our custom 






Figure 4. PCR products of different primer combinations using antennal cDNA of Lepismachilis y-signata, 
Thermobia domestica, Phyllium siccifolium and Schistocerca gregaria as templates 
For primers from Krieger et al. 2003, Manduca sexta antennal cDNA was included as positive control. All 
fragments labeled with an arrow were cut, cloned and sequenced. Fragments coding for Orco were additionally 
labeled with a number. 
 





Figure 5. PCR products of different primer combinations using antennal cDNA of Lepismachilis y-signata, 
Thermobia domestica, Phyllium siccifolium and Schistocerca gregaria as templates  
All fragments labeled with an arrow were cut, cloned and sequenced. Fragments coding for Orco were 




All possible combinations of primers (except the primers form Krieger et al. 2003) were used, 
deliberately choosing conditions that allowed for a limited amount of unspecific amplification 
even in the positive controls. All resultant amplificates of even remotely applicable size were 
cloned and sequenced. Using this approach Orco fragments were successfully amplified and 
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Chemosensory protein (CSPs) and gustatory receptor genes (GRs) have been 31 
identified in all major arthropod groups. However, odorant binding proteins (OBPs) and 32 
olfactory receptor genes (ORs) are insect specific, suggesting that both gene families 33 
originated after the Hexapoda–Crustacea split (~470 mya). The seemingly parallel 34 
diversification of OBPs and ORs has been suggested as coevolution between these 35 
genes after insect terrestrialization. Because OBPs have not been identified in pre-36 
neopteran lineages (e.g. Odonata, Ephemeropotera, Thysanura, Archaeognatha) we used 37 
the recently published transcriptomes of the jumping bristletail Lepismachilis y-signata 38 
and the firebrat Thermobia domestica to search for putative OBP and CSP sequences 39 
and analyze their relationship to binding proteins of other insects and crustaceans. Our 40 
results suggest an evolution and expansion of OBPs as an adaptation to a terrestrial 41 
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The sense of smell is crucial for insect behavior, such as location of food and 51 
oviposition sites as well as intraspecific communication (Hansson and Anton, 2000; 52 
Carlsson and Hansson, 2006). Insect olfaction is mediated by olfactory sensory neurons 53 
(OSNs). These OSNs are located in cuticular structures called sensilla, with their 54 
dendrites extending into the sensillum shaft. The shaft is filled with an aqueous solution, 55 
the sensillum lymph, which is secreted by support cells and contains a variety of 56 
proteins, including the odorant binding (OBP) and chemosensory (CSP) proteins (Vogt 57 
and Riddiford 1981; Steinbrecht 1998). Insect OBPs and CSPs are small (12e smkDa), 58 
water soluble proteins mainly containing α-helical domains, but are folded in 2 distinct 59 
patterns (Lartigue et al. 2002; Sandler et al. 2000; Tegoni et al, 2004). OBPs are 60 
generally divergent both between and within species, sometimes displaying as little as 61 
8% amino acid conservation (Pelosi et al. 2005). According to their primary protein 62 
structure, mainly characterized by signature cysteines, OBPs have been divided into 4 63 
groups: classical, Plus-C, Minus-C and Atypical OBPs (Hekmat-Scafe et al. 2002; 64 
Pelosi et al. 2006; Xu et al. 2003; Zhou et al. 2010a, Zhou et al. 2010b). CSPs are 65 
generally more conserved, with often >50% identical residues between members of 66 
even phylogenetically distant species. Their signature constitutes of 4 cysteines 67 
connected by disulphide bridges between adjacent residues (Pelosi et al. 2005). There is 68 
evidence that OBPs and CSPs represent 2 classes of proteins performing similar roles. 69 
Both protein classes reversibly bind small ligands with dissociation constants in the 70 
micromolar range (Pelosi 2005). OBPs are likely involved in chemosensory perception, 71 
participating in the solubilization and transfer of odorants through the sensillum lymph 72 





et al. 2005; Vogt et al. 1991). Additionally, they are supposed to contribute to the 74 
sensitivity of the olfactory system (Gomez-Diaz et al. 2013) and could protect odors 75 
from enzymatic degradation (Chertemps et al. 2012; Gomez-Diaz et al. 2013). Since 76 
different OBPs are present in a particular olfactory sensillum type, OBPs may also play 77 
a role in olfactory coding (Hekmat-Scafe et al. 1997). Depending on the species, OBPs 78 
and CSPs are expressed in gustatory as well as in olfactory sensilla (Angeli et al. 1999; 79 
Galindo and Smith 2001). They are, however, not restricted to chemosensory tissues 80 
and may thus also participate in other physiological functions (Celorio-Mancera et al. 81 
2012; Furusawa et al. 2008; Graham et al. 2003; Iovinella et al. 2011; for a review, see 82 
Pelosi et al. 2006). Some CSPs have been proposed as participating in developmental 83 
processes (Maleszka et al. 2007), others mediate physiological and behavioral 84 
transitions, as it has been shown in the locust (Guo et al. 2011). CSPs as well as OBPs 85 
could act in these processes as carriers of hormones and other regulatory compounds 86 
(Iovinella et al. 2013). 87 
Similar to insect olfactory receptors (ORs), OBPs were only found in Hexapoda, 88 
whereas CSP and gustatory receptor genes (GRs) have been identified in all major 89 
arthropod groups (Pelosi et al. 2006; Pewhere-Arana et al. 2009; Sanchez-Gracia et al. 90 
2009; Smadja et al. 2009; Wanner and Robertson 2008; Wanner et al. 2007). This 91 
suggests that the OBP and OR gene families originated within the hexapodan lineage, 92 
whereas the CSP and GR families were already present in the ancestor of Hexapoda, 93 
Crustacea and Chelicerata (~700 Mya) (Hedges et al. 2006). The evolution of insect 94 
OBPs and ORs was suggested as coevolution after insects have colonized land and a 95 
new need for mediation and detection of volatile odors arose (Vieira and Rozas 2011). 96 
Because OBPs so far have not been investigated in non-neopteran lineages (e.g. 97 
Odonata, Ephemeroptera, Thysanura, Archaeognatha) we used the recently published 98 
transcriptomes of the jumping bristletail Lepismachilis y-signata (Archaeognatha: 99 
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Machilidae) and the firebrat Thermobia domestica (Zygentoma: Lepismatidae) for 100 
identification of putative OBP and CSP sequences and analyzed their relationship to 101 
binding proteins of other arthropods.  102 
Both Archaeognatha and Zygentoma are primary wingless insects. Their 103 
phylogenetic position within the insects with Archaeognatha as sister group of 104 
Zygentoma and Pterygota (winged insects, Bitsch and Bitsch 2004; von Reumont et al. 105 
2009) and the putative age of these insect orders (Archaeognatha 390 mya; Labandeira 106 
1988) make them excellent models to study evolution of various character systems. 107 
Missbach et al. previously showed that both the jumping bristletail L. y-signata and the 108 
firebrat T. domestica possess an acute but reduced olfactory system (Missbach et al. 109 
2014), however, both differ in their genetic equipment from other insects. Neither ORs 110 
nor their coreceptor Orco have been identified in extensive antennal and maxillary palp 111 
transcriptomes of the jumping bristletail. Similar to L. y-signata, no OR-like sequences 112 
have been identified in the transcriptome of T. domestica. However, multiple Orco 113 
variants were found to be present (Missbach et al. 2014). Altogether this suggests that 114 
insect ORs evolved long after insects´ colonized land and that there seems to be a 115 
change in the olfactory system between the last common ancestor of Archaeognatha and 116 
Dicondylia (Zygentoma and Pterygota) and the ancestor of Dicondylia. Therefore, the 117 
investigation of the datasets with respect to presence or absence of OBPs and CSPs will 118 
shed light on the evolution of these chemosensory gene families, and can answer the 119 
question about a putative coevolution of insect ORs and OBPs.  120 





Material and Methods 122 
 123 
Bioinformatics 124 
An antennal transcriptome of T. domestica and antennal and maxillary palp 125 
transcriptomes of L. y-signata (EMBL-EBI, study accession No.: PRJEB5093, sample 126 
accession No: ERS384175, ERS384176, ERS384177) were used for identification of 127 
odorant binding proteins (OBPs) and chemosensory proteins (CSPs). Generation of 128 
sequences and sequence databases is described in Missbach et al. 2014. Within these 129 
databases we searched for OBPs and CSPs using both text searches in BLAST2GO 130 
annotation and tBLASTn using Geneious Pro 5.0.4. Template for tBLASTn searches 131 
were published amino acid sequences of Drosophila melanogaster, Bombyx mori, 132 
Pediculus humanus, Apis mellifera, Acyrthosiphon pisum and Daphnia pulex OBPs 133 
and/or CSPs (sequences taken from Vieira and Rozas 2011 for OBPs, and Kulmuni and 134 
Havukainen 2013 for CSPs) as well as identified sequences of both L. y-signata and T. 135 
domestica. 136 
Contigs with similarity to a member of these gene families were edited and 137 
subject to personal scrutiny of blast results, as well as further analysis. ORFs were 138 
identified and translated into amino acid sequence in Geneious Pro 5.0.4 (Biomatters). 139 
Alignments with other members of the respective gene families were carried out using 140 
MAFFT (E-INS-I parameter set; Katoh et al. 2005). Dendrograms were calculated using 141 
approximate maximum likelihood analysis with FastTree2 (Liu et al. 2011; Price et al. 142 
2009) and displayed and edited with FigTree (http://tree.bio.ed.ac.uk/software/figtree). 143 
For OBPs the terminology of Hekmat-Scafe et al. 2002 for the C-terminal cysteines was 144 
used, because it reflected the position of the C6 cysteines in the overall sequence 145 
alignment as well as the position of disulfide bridges present in Plus-C OBPs (Lagarde 146 
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et al. 2011). Additionally the position of C1 of Plus-C OBPs is not consistent between 147 
different publications (e.c. Hekmat-Scafe et al. 2002: C1a-X13-C1-C1b-X11-13-C1c). 148 
Again the cysteine bridge information of AgamOBP47 was used as basis for 149 
terminology (Lagarde et al. 2011).  150 
Signal peptides 151 
Signal peptides were identified using the PrediSi program (Hiller et al. 2004). 152 
 153 
Secondary structure 154 
Secondary structures of full length candidates were predicted using the online 155 
platform psipred (Jones 1999) and compared to the results of secondary structure 156 
prediction in Geneious 5.0.4. 157 
 158 
Ethics statement 159 
Lepismachilis y-signata and Thermobia domestica are invertebrates that do not 160 
require IACUC approval. Additionally they are not categorized as endangered or 161 
protected in Germany. 162 
 163 







CSP candidates of L. y-signata and T. domestica  167 
 168 
In total we identified 3 CSP encoding candidates in the transcriptome of L. y-169 
signata (supplementary material 1, 2). All candidate sequences contained a predicted 170 
ORF, and the predicted protein product contained a signal peptide for secretion. ORFs 171 
encoded between 116 and 129 amino acids. L. y-signata CSPs displayed the cysteine 172 
pattern C1-X6-C2-X18-C3-X2-C4 (Figure 1B), a pattern that is similar to CSP cysteine 173 
patterns described for other species (Figure 1C). Secondary structure prediction resulted 174 
in identification of 2 5-helical CSPs and 1 6-helical CSP, which was in agreement with 175 
the position of the L. y-signata CSPs within the dendrogram (Figure 1A). In a maximum 176 
likelihood derived tree, 2 CSP candidates grouped together with 5-helical CSPs of other 177 
insects and crustacean sequences. The third CSP grouped within the 6-helical CSPs 178 
(Figure 1A).  179 
The antennal transcriptome of T. domestica contained 6 candidate CSP-coding 180 
sequences (supplementary material 1, 2). While only 3 candidates contained a complete 181 
coding region, all sequences covered dissimilar but overlapping regions in an amino 182 
acid sequence alignment, suggesting that they represent unigenes. Full-length 183 
candidates also contained a signal peptide in the translated amino acid sequence. Their 184 
predicted ORFs encoded 121 to 135 amino acids. The cysteine pattern of T. domestica 185 
CSPs was C1-X6-C2-X18-C3-X2-C4 (Figure 1B), the same pattern that was identified for 186 
L. y-signata CSPs. Only CSP candidates spanning all key cysteines were included in 187 
further sequence analyses. In the dendrogram all T. domestica sequences grouped within 188 
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the 6-helical CSPs (Figure 1A). This is also consistent with the secondary structure 189 
prediction obtained by Psipred.  190 
 191 
OBP candidates of L. y-signata and T. domestica 192 
 193 
In total we identified 40 OBP transcripts in the L. y-signata transcriptomes and 194 
32 in the transcriptome of T. domestica (supplementary material 3, 4). Most L. y-signata 195 
OBP sequences were available as full-length coding sequences. Out 40 OBP candidates 196 
31 sequences contained both a start and a stop codon and the predicted amino acid 197 
sequence included a signal peptide (31 out of the 39) suggesting secretion of the protein. 198 
The predicted ORFs of OBP sequences encoded between 127 and 247 amino acids. 199 
OBP candidates displayed the respective conserved cysteine pattern, although most of 200 
the candidates had 2 additional cysteines in a comparable position (C1b-X10-16-C1-X25-201 
49-C2-X3-C3-X41-52-C4-X9-22-C5-X8-C6-X8-C6a). The first cysteine (C1b) was located 202 
in an N-terminal position to the C1, the second (C6a) 8 amino acids more C-terminal to 203 
the C6 (alignment Figure 2). The C1b was found to be present in 34 OBPs, the C6a was 204 
identified in 36 OBPs. Both cysteines can also be found in some Drosophila OBPs, for 205 
example the conserved OBP59a and many Plus-C OBPs. However, the characteristic 206 
C1a, C1c, C6b and C6c of the Plus-C OBPs were absent in the L. y-signata OBPs. In 207 
most of the cases the proline that always follows the C6a of Plus-C OBPs was also 208 
missing. For maximum likelihood analysis only the 37 sequences that contained all 6 209 
core cysteines were included. In the tree no L. y-signata OBPs clustered within the 210 
GOBPs, PBPs, Minus-C or Plus-C OBPs (Figure 3A), although many branches within 211 
the tree are not very well supported (indicated by line width). The likely cause is the 212 
high dissimilarity of OBPs in general. Many L. y-signata OBPs clustered close to the 213 





OBP most similar to the OBP59a subgroup, and 1 candidate closest to the OBP73a 215 
subgroup (Figure 3A). The putative L. y-signata OBP73a homologue (LsigOBP1) 216 
shared 24.3% of amino acids with the pea aphid homologue ApisOBP4 and 19 % with 217 
the DmelOBP73a. The similarity was comparable to homologues of other species (e.g. 218 
BmorOBP39 shared 26.8% of amino acids with DmelOBP73a and ApisOBP4 shared 219 
22.6%). The putative L. y-signata OBP59a homologue (LsigOBP2) displayed a 220 
similarity of 23.9% to DmelOBP59a. When other putative orthologues of OBP59a were 221 
included in the analysis, LsigOBP2 sorted again into the OBP59a subgroup with 222 
LsigOBP2 grouping basal to the other members of this subgroup (Figure 3B). This 223 
clustering was found using different analysis techniques and including OBPs of 224 
different species. All the other L. y-signata OBPs form distinct clusters within the 225 
likelihood tree, sometimes together with OBPs of T. domestica.  226 
Only 11 out of 32 predicted T. domestica OBP sequences contained an ORF with 227 
both start and stop codon and a putative signal peptide-coding sequence. The general 228 
cysteine pattern of T. domestica OBPs was C1-X20-71-C2-X3-C3-X37-48-C4-X8-29-C5-X8-229 
C6. Only 5 OBP sequences contained the C1b and C6a cysteines that were described 230 
above. 3 of those OBPs contained an additional second pair of cysteines, including one 231 
cysteine in a position next to C1b and 1 cysteine in a position C-terminal of C6a. Both 232 
cysteines were in a comparable position to the C1b and C6b of Plus-C OBPs. 233 
Furthermore, these OBPs also share the conserved proline of Plus-C OBPs next to C6a 234 
(Figure 2).  235 
In contrast to the above-mentioned additional cysteines, we identified 6 T. 236 
domestica OBPs with 2 additional cysteines between the C3 and C4 (Figure 4B), a 237 
pattern that seemed to be specific for these T. domestica OBPs. As for L. y-signata only 238 
OBP sequences that are long enough to cover all core cysteines were included into the 239 
maximum likelihood tree calculation. In the resulting dendrograms most T. domestica 240 
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OBP candidate sequences were distributed across the Classic-OBPs, mostly close to 241 
some OBPs of the head louse P. humanus, the pea aphid A. pisum or the bristletail 242 
OBPs; however none of the sequences clustered within Plus-C, Minus-C or Dimer 243 
OBPs. Furthermore, 2 T. domestica OBPs (TdomOBP20 and TdomOBP19) were 244 
repeatedly grouped within the ABPII cluster next to sequences of P. humanus or A. 245 
pisum. 246 
Similar to L. y-signata, a putative homologue of OBP73a was detected. This 247 
OBP, TdomOBP1, shared 20.5% of amino acids with DmelOBP73a. A putative 248 
OBP59a candidate orthologue (TdomOBP2) had a pairwise identity of 31.9% to 249 
DmelOBP59a, but as the 5´end of the sequence was missing, it was too short to include 250 
in the analysis.  251 







CSP candidates of L. y-signata and T. domestica belong to 5- and 6-helical CSPs 255 
 256 
CSPs can be classified mainly into 2 groups, the ancient 5-helical CSPs and the 257 
typical 6-helical insect CSPs (Kulmuni and Havukainen 2013). 2 out of 3 candidate 258 
CSPs of L. y-signata grouped within the 5-helical CSPs, very close to the sequences of 259 
the crustacean Daphnia pulex. 5-helical CSPs have been identified across Arthropoda 260 
including Myriapoda and Crustacea (Iovinella et al. 2013; Kulmuni and Havukainen 261 
2013) with the exception of Ixodes scapularis, where the published CSP belong to the 262 
6-helical CSPs. However, the sequence could not be found in the genome (Iovinella et 263 
al. 2013) and its existence needs to be validated. In all other species with a proposed 264 
complete set of CSPs at least 1 5-helical CSP has been described (Kulmuni and 265 
Havukainen 2013). For T. domestica we could not identify any 5-helical CSPs in our 266 
antennal dataset. Despite the lack of 5-helical CSPs in antennal tissue, expression 267 
elsewhere in the body is still possible, especially since some authors suggest that 5-268 
helical CSPs do not function in chemosensation (Kulmuni and Havukainen 2013). For 269 
example in the honeybee A. mellifera, the 5-helical AmelCSP5 is only expressed in 270 
ovaries and eggs and has been identified as a regulator of embryonic development 271 
(Maleszka et al. 2007).  272 
In more general terms, the number of CSPs is highly variable between species. 273 
In the locust Locusta migratoria manilensis 70 CSP genes have been identified (Zhou et 274 
al., 2012), whereas in D. melanogaster only 4 have been described (Wanner et al. 2004). 275 
In non-insect arthropods only a limited number of CSPs has been found in any given 276 
species, for example 3 in D. pulex and Artemia franciscana, and 4 in Julida sp 277 
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(Iovinella et al. 2013; Vieira and Rozas 2011). Similar numbers were also identified for 278 
the wingless insects L. y-signata and T. domestica in the present study, indicating that a 279 
rather small number of CSPs might be the ancestral state of insects. 280 
 281 
Evolution of OBPs 282 
 283 
In contrast to the relatively small number of CSPs, 40 OBPs were identified 284 
from the transcriptome of L. y-signata and 32 from that of the T. domestica. Many 285 
OBPs found in L. y-signata cluster close to DmelOBP59a and DmelOBP73a. These 2 286 
OBPs have clear orthology relationships across insects (except in Hymenoptera, Zhou et 287 
al. 2010b), suggesting a critical and conserved role of these proteins. At least for 288 
DmelOBP59a a function in Drosophila olfaction has been suggested. Reduced 289 
expression of DmelOBP59a affects the detection of 1-hexanol, 2-heptanone and 290 
propanal (Swarup et al. 2011). It is conceivable that OBPs have a similar role in L. y-291 
signata olfaction, where a broad response to an odor spectrum has been shown 292 
(Missbach et al. 2014). These odors have to travel through the sensillum lymph to be 293 
detected by the membrane-bound receptors, implying the presence and importance of 294 
carrier proteins. An alternative hypothesis regarding the evolution of OBPs came from 295 
Shanbhag et al. (2001). For OBP19d of D. melanogaster an expression in coeloconic 296 
and gustatory sensilla, but also in epidermal cells and subcuticular space of the 297 
funiculus and maxillary palp was reported (Shanbhag et al. 2001). One hypothesis for 298 
the presence of OBPs in epidermal cells was that these cells have to secrete apolar, 299 
water-insoluble substances into the cuticle, especially for the epicuticular layers (for 300 
review see Locke, 1998). These materials have to pass through the aqueous environment 301 
in the cells and in the inner cuticle, thus maybe necessitating the establishment of a 302 





precursors of sensillum cells (for review see Keil 1997) and OBPs could have evolved 304 
by specialization from those general carrier proteins (Shanbhag et al. 2001). Since both 305 
L. y-signata and T.domestica molt during their whole lifespan, a permanent turnover of 306 
cuticular material is very likely and maybe requires a high number of different carrier 307 
proteins like OBPs.   308 
Another interesting aspect concerns the cysteine pattern of OBPs. The cysteine 309 
pattern that was identified in most of L. y-signata and some T. domestica OBPs, with 1 310 
additional cysteine each at the C-and N-terminus, can also be found in all OBP59a and 311 
most of the OBP73a orthologues. The strong conservation of the additional cysteines 312 
between the L. y-signata OBP candidates suggests a critical role of these cysteines, 313 
maybe forming an additional disulfide bridge, as described for AgamOBP47 (Lagarde et 314 
al. 2011) where the 2 cysteines in a comparable position to the cysteins of L. y-signata 315 
OBPs form a disulfide bond. Furthermore, in T. domestica we found OBP candidates 316 
with another 2 additional cysteines, 1 C- and 1 N-terminal to the C1b and C6a in a very 317 
similar position to the C1c and the C6b of Plus-C OBPs. It seems that there is a 318 
successive addition or reduction of cysteines within the evolution of Plus-C OBPs. Plus-319 
C OBPs evolved only once in insects (Vieira and Rozas 2011) with a secondary lost in 320 
Hymenoptera. The present scenario with 8 cysteines in most L. y-signata OBPs might 321 
have been reached either from a classic 6 cysteine OBP with an expansion of 8 cysteine 322 
OBPs in L. y-signata or from an ancient 8 cysteine pattern of OBPs to Plus-C OBPs and 323 
the common 6 cysteine pattern of classic OBPs.  324 
Whether OBPs do have an impact on bristletail and firebrat olfactory functions 325 
or not, needs to be investigated. Nevertheless, the OBPs of L. y-signata and T. 326 
domestica are the oldest OBPs identified so far, suggesting the presence of OBPs in the 327 
last common ancestor of Insecta sensu stricto. A selective pressure leading to the 328 
diversification of an existing gene family to fill the function as mediator of airborne 329 
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molecules to their detectors, after terrestrialization can well be imagined (Vieira and 330 
Rozas 2011). The detectors of these airborne molecules are mainy ORs. However, ORs 331 
were found to be absent in L. y-signata and T. domestica (Missbach et al. 2014). 332 
Therefore olfaction seems to be based on the evolutionary older variant ionotropic 333 
glutamate receptors and GRs in these animals. This fact adds further to the idea of an 334 
independent origin of OBP and OR gene families and a cooption of OBPs in a OR/Orco 335 
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Figure capture 498 
 499 
Fig1: Evolution of CSPs. 500 
A: Approximate Maximum likelihood tree of arthropod CSPs. 5- and 6-helical CSPs 501 
form distinct branches within the CSP family. 2 Lepismachilis y-signata CSPs belong to 502 
the 5-helical group, whereas all Thermobia domestica CSPs sorted into the branch of 6-503 
helical CSPs. The secondary structure is indicated next to the CSP sequences of L. y-504 
signata and T. domestica (red box: α-helix; blue arrowhead: β-sheet). Branches are 505 
colored according to the different taxa (Crustacea - light green, Archaeognatha - dark 506 
red, Zygentoma - magenta, Hemiptera - cyan, Hymenoptera - yellow, Coleoptera - 507 
purple, Diptera - blue, Lepidoptera - green). Line width of branches reflects the 508 
likelihood based support values with thick branches having a high support value. 509 
B: Sequence alignment of L. y-signata and T. domestica CSPs that are also represented 510 
in the tree. Conserved cysteines are highlighted by black boxes. 511 
C: Cysteine pattern of L. y-signata and T. domestica CSPs in comparison with CSPs of 512 
other insects, emphasizing the highly conserved nature of the cysteine pattern. Data for 513 
other insect taxa were taken from Xu et. al 2009. 514 
 515 
Fig2: Successive gain of cysteines leads to the insect Plus-C OBPs.  516 
Sequence alignment of Lepismachilis y-signata OBPs, Thermobia domestica OBPs and 517 
Plus-OBPs displaying the additional C1c and C6a cysteines. Conserved cysteines are 518 
highlighted by red boxed. The description next to the red boxes is referring to the 519 
terminology used for cysteines in this paper. Names of Plus-C OBPs of other insects are 520 
highlighted in blue. Below the Plus-C OBPs 3 OBP sequences of T. domestica can be 521 
found. These sequences not only possess the additional C1c and C6b, but also have the 522 
conserved proline (blue box) next to C6a.  523 
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Fig3: Evolution of insect OBPs. 524 
A: Approximate Maximum likelihood tree of insect OBPs. Branches leading to an OBP 525 
of a certain species are labeled in different colors (Lepismachilis y-signata - dark red, 526 
Thermobia domestica – magenta, Acyrthosiphon pisum – cyan, Pediculus humanus – 527 
grey, Drosophila sp. –blue). The outer circle indicates the different OBP subfamilies 528 
according to Vieira and Rozas 2011 (Classic OBPs - black, Minus-C OBPs - green, 529 
Plus-C OBPs - blue, Dimers - red, ABPII - gray). The secondary structure information 530 
of L. y-signata and T. domestica OBPs is given outside the circle next to the candidate 531 
(red box: α-helix; blue arrowhead: β-sheet). Line width of branches reflects the 532 
likelihood based support values.  533 
B: Subtrees of the conserved OBP73a and OBP59a subgroups.  534 
 535 
Fig4: Evolution of OBPs in Lepismachilis y-signata and Thermobia domestica. 536 
A: Unrooted approximate Maximum likelihood tree of Lepismachilis y-signata and 537 
Thermobia domestica OBPs. Changes of cysteine patterns are marked by arrowheads 538 
along the branches. Important groups are highlighted by different background colors. B: 539 
Alignment of the 6 T. domestica OBPs that possess 2 additional cysteines between C3 540 
and C4, named here C3a and C3b. 541 
C: Comparison between cysteine pattern of different insect taxa. Data for other insect 542 
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Figure 2: Successive gain of cysteine pairs leads to Plus-C OBPs.  550 
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Figure 4: Evolution of OBPs in L. y-signata and T. domestica. 554 
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Abstract 
The behaviour of the desert locust, Schistocera gregaria, is largely directed by volatile olfactory cues. 
The relevant odorants are detected by specialized antennal sensory neurons which project their 
sensory dendrites into hair-like structures, the sensilla. Generally, the responsiveness of the an-
tennal chemosensory cells is determined by specific receptors which may be either odorant re-
ceptors (ORs) or variant ionotropic receptors (IRs). Previously, we demonstrated that in locust 
the co-receptor for ORs (ORco) is only expressed in cells of sensilla basiconica and sensilla 
trichodea, suggesting that cells in sensilla coeloconica may express different types of chemosen-
sory receptors. In this study, we have identified the genes of S. gregaria which encode homologues 
of co-receptors for the variant ionotropic receptors, the subtypes IR8a and IR25a. It was found 
that both subtypes, SgreIR8a and SgreIR25a, are expressed in the antennae of all five nymphal 
stages and in adults. Attempts to assign the relevant cell types by means of in situ hybridization 
revealed that SgreIR8a and SgreIR25a are expressed in cells of sensilla coeloconica. Double flu-
orescence in situ hybridization experiments disclosed that the two IR-subtypes are co-expressed in 
some cells of this sensillum type. Expression of SgreIR25a was also found in some of the sensilla 
chaetica, however, neither SgreIR25a nor SgreIR8a was found to be expressed in sensilla 
basiconica and sensilla trichodea. This observation was substantiated by the results of double FISH 
experiments demonstrating that cells expressing SgreIR8a or SgreIR25a do not express ORco. 
These results support the notion that the antenna of the desert locust employs two different 
populations of OSNs to sense odors; cells which express IRs in sensilla coeloconica and cells which 
express ORs in sensilla basiconica and sensilla trichodea. 
Key words: locust, olfaction, ionotropic receptors, in situ hybridization 
Introduction 
The desert locust, Schistocerca gregaria, is a 
dreaded pest in afro-asian regions, due to its potential 
to form huge swarms, which invade and crop com-
plete agricultural areas thus causing tremendous 
economical damage. Many aspects of locust behavior, 
including aggregation, feeding, mating and oviposi-
tion are triggered and guided by volatile chemical 
cues emitted from con-specifics, food plants or ovi-
position sites [1]. Insects sense volatile chemicals by 
olfactory sensory neurons (OSNs) on antennae, which 
extend their dendrites into hair-like structures. On 






































tifiable olfactory sensilla are distinguished housing 
different number of OSNs: sensilla basiconica (up to 
50 OSNs), sensilla trichodea (1-3 OSNs) and sensilla 
coeloconica (1-4 OSNs) [2]. Single sensillum record-
ings from antennae of Schistocerca gregaria and the 
closely related Locusta migratoria have provided some 
first insight into the response spectrum of OSNs in the 
different sensilla types. It was found that basiconic 
OSNs responded to nymphal as well as to adult ag-
gregation pheromones, while OSNs in s. trichodea 
responded to odorants from locust feces and to a pu-
tative sex pheromone [3, 4]. Finally, OSNs in s. coe-
loconica responded to organic acids, plant volatiles 
and nymphal odors; but were inhibited by putative 
aggregation pheromones [3]. 
In the past decades significant progress has been 
made to unravel the molecular mechanisms mediat-
ing the odorant-responses of insect OSNs [5-8]. Dis-
tinct receptor types residing in the dendritic mem-
brane of OSNs are considered as key elements in 
odorant detection. Originally in Drosophila [9, 10] and 
subsequently in many species from various insect 
orders, large families of highly diverse olfactory re-
ceptors have been identified [11-13]. Interestingly, 
recent studies have provided evidence that two clas-
ses of chemosensory receptors may exist in the olfac-
tory system of insects [14-17]. Members of the large 
and diverse family of odorant receptors (ORs) are 
expressed in OSNs housed in sensilla trichoidea and 
sensilla basiconica from flies [18, 19], mosquitoes [20] 
or moths [21, 21, 22]. These seven transmembrane 
domain receptor proteins confer ligand-specificity to 
the OSN [18, 23-25] and most probably heteromerize 
with a common OR-coreceptor (ORco) to form a re-
ceptor-complex which is activated by appropriate 
odorants leading to a depolarization of OSNs through 
ionotropic [26] and/or metabotropic mechanisms [27].  
The second type of olfactory receptors, named 
“variant ionotropic receptors” (IRs) due to their se-
quence relation and structural similarity to ionotropic 
glutamate receptors (iGluRs) [8, 14] was found to be 
expressed in OSNs housed in sensilla coeloconica of 
Drosophila. In Drosophila, each coeloconic OSN ap-
pears to express combinations of several IRs from a 
repertoire of antennal IR genes. IRs are considered to 
mediate responsiveness of OSNs to organic acids, 
amines and alcohols [14, 28]. Generally, several vari-
able IRs appear to be co-expressed with one or both 
IR-subtypes, IR8a and IR25a [29]. These two subtypes 
are phylogenetically highly conserved and are con-
sidered to function as co-receptors [30, 31], thus re-
sembling the functional role of ORco protein in 
basiconic and trichoid OSNs.  
In a previous study exploring the expression of 
ORco in the antenna of S. gregaria and L. migratoria 
[32] we could assign the expression of ORco to OSNs 
located in sensilla basiconica and sensilla trichodea, 
but found no expression in OSNs of sensilla coe-
loconica. In addition, for some ORs expression in 
ORco-positive sensilla types was demonstrated [33]. 
Together, these results imply that olfactory receptors 
of the OR-class are involved in odorant responses of 
basiconic and trichoid OSNs, while s. coeloconica 
likely express different receptor types. In this study, 
we set out to explore whether variant ionotropic re-
ceptors may be expressed in the antennae of the locust 
S. gregaria. Towards this goal attempts were made to 
identify the genes encoding the IR co-receptors IR8a 
and IR25a and to visualize their expression in the an-
tenna.  
Materials and Methods 
Insect rearing and tissue collection 
Locusts, Schistocerca gregaria, were obtained from 
local suppliers (Zoo&Co, Filderstadt, Germany). Body 
parts (antennae, mouth parts, tarsi and brains) of 
adult animals and antennae of different nymphal 
stages were dissected from cold anaesthetized insects. 
Tissues were collected in liquid N2 and subsequently 
used to isolate total RNA. For in situ hybridization 
experiments antennae were directly embedded in 
Tissue-Tek O.C.T. compound (Sakura Finetek Europe, 
Zoeterwoude, The Netherlands) and stored at -70°C 
until sectioning. 
Identification of IR sequences (SgreIRs) from 
the antennal transcriptome of Schistocerca 
gregaria  
We used a collection of IR sequences reported in 
Croset et al, 2010 to generate a BLAST database in 
Geneious 6 (Biomatters, Auckland, New Zealand), 
and carried out tblastx queries with a cut off of 10-5 
against this database using S. gregaria antennal tran-
scriptome data, kindly provided by Heiko Vogel 
(Department for Entomology, MPI for Chemical 
Ecology Jena, Germany) and Andreas Vilcinskas (In-
stitute of Phytopathology and Applied Zoology, 
Justus-Liebig-University of Giessen, Germany). Iden-
tified hits indicating candidate SgreIR sequences were 
used to re-tblastx the NCBI nr (non-redundant) data-
base to verify identity. This identified several se-
quences annotated as ionotropic glutamate receptors 
or variant ionotropic receptors, which were used as 
queries to perform tblastx again with the Schistocerca 
gregaria transcriptome database. Finally, identified 
and extracted contig sequences were assembled to 
yield putative IR sequences of S. gregaria (SgreIRs).  
Amplification of SgreIRs sequences 
Total RNA was extracted from frozen male and 
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female antennae using Trizol reagent (Invitrogen, 
Germany) according to the supplier´s protocol. Poly 
oligo (dT)25 magnetic dynabeads (Invitrogen) follow-
ing recommended protocols. cDNAs were synthe-
sized from 50 ng mRNA using the Smarter Race 
cDNA Amplication Kit (Takara, Japan). In order to 
amplify the 5’ terminal and 3’ terminal sequences of 
SgreIR8a and SgreIR25a coding sequence specific 
primers (Supplementary Material: Table S1) were 
used in PCR reaction with Fermentas High Fidelity 
Taq (Fisher Scientific, Germany). To overcome GC 
rich regions in the 5’ part of the SgreIR8a sequence a 
Taq(R) high GC enhancer (New England Biolabs, 
USA) was added to the standard PCR reaction. PCR 
conditions used in SgreIR8a 5’ part were: 95°C for 5 
min, then 35 cycles with 94°C for 30 s, 68°C for 30 s 
and 72°C for 2 min, followed by incubation for 10 min 
at 72°C. PCR conditions used in SgreIR8a 3’ part were: 
95°C for 5 min, then 20 cycles with 94°C for 30s, 70°C 
for 30 s and 72°C for 1 min 30 s, decreasing the an-
nealing temperature by 0.5°C per cycle. Subsequently, 
20 cycles with 60°C annealing temperature were per-
formed followed by incubation for 10 min at 72°C. 
SgreIR25a sequences (5´ and 3´ parts) were amplified 
using the following conditions: 94°C for 1 min 40 s, 
then 20 cycles with 94°C for 30 s, 48°C for 30 s and 
72°C for 1 min 30 s, with decreasing the annealing 
temperature by 0.5°C per cycle. This was followed by 
20 further cycles with 38°C annealing temperature 
and a final incubation for 10 min at 72°C. PCR prod-
ucts were gel-purified using the Geneclean kit (MP 
Biomedicals, Germany) and adenine nucleotide 
overhangs were added by incubation with 10 mM 
dATP and 5U Taq polymerase (Gennaxxon, Germany) 
at 72°C for 20 min. The resulting A-tailed PCR prod-
ucts were cloned using the pGEM-T vector system 
(Promega, USA) and sequenced on an ABI310 auto-
matic sequencer employing the BIG dye cycle se-
quencing kit (v3.1; Applied Biosystems, Foster City, 
Ca, USA) with vector and gene specific primers. 
Tissue and stage-specific expression of IRs  
Total RNA was extracted from different adult 
tissues and nymphal stages using Trizol reagent 
(Invitrogen) following recommended protocols. Male 
8.3, 375 mM KCl, 15 mM MgCl2
-dT18 
-1
Synthesis of cDNA was performed at 50°C for 50 min 
followed by incubation for 15 min at 70 °C. 
Non-quantitative RT-PCR was performed using 
IR-specific sense and anti-sense primers (Supple-
mentary Material: Table S1). PCR conditions used for 
SgreIR8a were: 94°C for 1 min 30 s, then 20 cycles with 
94°C for 30s, 55°C for 30 s and 72°C for 1 min 30 s, 
with decreasing the annealing temperature by 0.5°C 
per cycle. Subsequently, 20 cycles at 45°C annealing 
temperature were performed followed by incubation 
for 10 min at 72°C. PCR conditions for SgreIR25a were: 
94°C for 1 min 30 s, then 40 cycles with 94°C for 30 s, 
45°C for 30 s and 72°C for 1 min, followed by incuba-
tion for 10 min at 72°C. Primers matching the actin 
gene of S. gregaria (Supplementary Material: Table S1) 
were used to verify the quality of the cDNA prepara-
tions. PCR conditions for actin were: 94°C for 1 min 30 
s, then 40 cycles with 94°C for 30 s, 45°C for 30 s and 
72°C for 1 min, followed by incubation for 10 min at 
72°C. PCR products were run on 1.2% agarose gels 
and visualized by ethidium bromide staining. 
Sequence analysis and comparison  
Sequence alignments shown for IR8a and IR25a 
sequences, respectively, were conducted using Clus-
talW [34] and further arranged using the BioEdit pro-
pro-
gram (www.mbio.ncsu.edu/BioEdit/bioedit.html). 
For SgreIR8a and SgreIR25a structure domain anno-
tation was added according to the DmelIR8a defini-
tions reported in [31]. An unrooted neighbour joining 
tree comparing the relationship of IR8a and IR25a 
amino acid sequences from various insect species was 
calculated based on a ClustalW alignment using the 
MEGA5 program [35].  
In situ hybridization  
Digoxigenin (Dig)-labeled or biotin-labeled an-
ti-sense and sense probes were synthesized from lin-
earized pGEM-T vectors containing partial cDNA of 
SgreIRs or the coding sequence of SgreORco [32] us-
ing the T7/Sp6 RNA transcription system (Roche, 
Germany) following the protocol recommended by 
the manufacturer. For SgreIR8a riboprobes were 
transcribed from two plasmids containing 1906 nu-
cleotides of the 5’ part and 1283 nucleotides of the 3’ 
part, respectively. Accordingly, for SgreIR25a plas-
mids containing either the 5’ part (1438 nucleotides) 
or the 3’ part (1669 nucleotides) were used. In ISH 
experiments 1:1 mixtures of 5’ part and 3’ part ribo-
probes were used for both SgreIRs. Antennae (em-
bedded in Tissue-Tek) of male and female locusts 
cryostat at -21°C. Sections were thaw mounted on 
Super Frost Plus slides (Menzel-Gläser, Braun-
schweig, Germany) and stored at -70°C until use. In 
situ hybridization was performed using the protocol 



































tions. Briefly, sections were taken out from the -70°C 
freezer and immediately transferred to 4% PFA for 20 
min at 4°C. This was followed by a wash in PBS for 1 
min, incubation in 0.2 M HCl for 10 min and two 
washes in PBS for 1 min each. Then sections were in-
cubated for 10 min in acetylation solution (25% acetic 
anhydride freshly added in 0.1 M triethanolamine) 
followed by three 3 min washes in PBS. 
Pre-hybridization was for 1 hour at 65°C for SgreIR8a 
and 60°C for SgreIR25a. Hybridization with labeled 
probes was performed at the same temperatures for 
24 hours.  
Visualization of Dig-labeled probe hybridiza-
tions using color substrate was performed as de-
scribed earlier [32] using an anti-Dig alkaline phos-
phatase (AP) conjugated antibody (1:500, Roche) and 
NBT/BCIP substrate. To increase the signal intensity, 
polyvinyl alcohol (PVA, MW: 89-98K, Sigma) (1% for 
SgreIR8a; 2.5% for SgreIR25a) was added to the de-
veloping buffer containing NBT/BCIP substrate. 
Tissue sections were analyzed on a Zeiss Axioskope2 
microscope (Zeiss, Oberkochen, Germany) equipped 
with Axiovision software. 
Single and double fluorescent RNA in situ hy-
bridization (FISH) with Dig- and/or biotin-labeled 
probes was conducted in the same way. Visualization 
of labeled probes was performed as described earlier 
[33, 36]. In short, Dig-labeled probes were visualized 
by the anti-Dig AP-conjugated antibody in combina-
tion with HNPP/Fast Red (Roche). For biotin-labeled 
probes the TSA kit (Perkin Elmer, MA, USA), includ-
ing an anti-biotin strepavidin horse radish peroxi-
dase-conjugate and fluorescein-tyramides as substrate 
was used. Sections were analysed for hybridization 
signals (epifluorescence) using a Zeiss LSM510 Meta 
laser scanning microscope (Zeiss, Oberkochen, Ger-
many). Confocal image stacks were recorded from 
antennal segments in the red and green fluorescence 
channel as well as the transmitted-light channel. Pic-
tures presented are projections of selected optical 
planes. The red and green fluorescence channels have 
been overlaid with the transmitted-light channel or 
are shown separately. 
Results 
Identification of IRs from the locust, 
Schistocerca gregaria 
In order to identify olfactory ionotropic recep-
tors from S. gregaria (SgreIRs) we have bioinformati-
cally screened transcriptome sequence data from the 
antenna using a collection of reported IR sequences 
[29]. These approaches provided nine overlapping 
contigs with significant similarity to DmelIR8a or 
putative IR8a sequences of other insects. An assembly 
of the locust sequences resulted in a putative SgreIR8a 
sequence which comprises 3719 nucleotides and en-
codes a protein of 902 amino acids (Fig. 1). The correct 
assembly of the full-length SgreIR8a sequence was 
verified by RT-PCR amplification of 5’ and 3’ parts 
from locust antennal mRNA and sequencing of the 
PCR products. Similarly, three non-overlapping an-
tennal transcriptome sequences were identified which 
showed high similarity to LmigIR25a or other candi-
date insect IR25a sequences. The gaps between 
stretches of partial sequences were closed by RT-PCR 
amplification employing gap-spanning primer pairs 
and sequencing of the PCR products. These efforts led 
to a SgreIR25a sequence of 2505 nucleotides which 
encoded a protein of 834 amino acids; sequence 
comparison suggested that part of the N-terminus is 
missing (Fig. 2). 
To explore the similarity of candidate IR8a se-
quences from different insect orders we aligned the 
orthopteran SgreIR8a sequence to lepidopteran, dip-
teran, coleopteran and hymenopteran sequences (Fig. 
1) and calculated the pair-wise identity. This revealed 
an overall sequence identity between 42.7 and 68.6 %; 
for certain protein domains a high degree of conser-
vation is particularly evident (Fig. 1). The highest 
identity across species was found in the region be-
tween transmembrane (M) segments M1 – M3, in es-
pecially in M2 and the pore loop (P). Fewer identical 
amino acids are present in the binding domain loops 
S1 and S2; and very little similarity exists in the amino 
terminal domain (ATD) and the C-terminus (C) of the 
proteins. When comparing the sequence of SgreIR25a 
with the sequences of IR25a from other insects a sim-
ilar pattern of sequence conservation emerged (Fig. 2). 
The pair-wise sequence identity ranged from 50.1% to 
69.9% between species and the same domains were 
conserved as in the IR8a proteins, except for the ami-
no terminal domain which was more conserved in the 
IR25a proteins (Fig. 2). Overall, SgreIR8a and Sgre25a 
share 29.2% of their amino acids. To further analyze 
the phylogenetic relationship of the locust IR8a and 
IR25a with representatives from other insects, a se-
quence similarity tree was calculated using the 
MEGA5 program [35]. The resulting neighbor joining 
tree (Fig. 3) shows that SgreIR8a and SgreIR25a clus-
ter into clearly separated branches comprising insect 
IR8a and IR25a sequences, respectively. Within the 
IR8a branch as well as in the IR25a branch, the se-
quences cluster in an order-specific manner, reflecting 
that the highest similarity exists between sequences of 
insects belonging to the same orders.  
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Figure 1. Alignment of the SgreIR8a amino acid sequence with IR8a sequences from other insects. Positions of the amino terminal domain (ATD), the 
binding domain lobes (S1 and S2), the pore loop (P) and the transmembrane segments (M1, M2, M3) are marked by bars of different colors referring to their 
position in DmelIR8a [14]. The positions of key ligand binding residues in iGluRs are marked by asterisks above the sequences. Numbers on the right refer 
to the number of the last amino acid in the line. Amino acids with at least 50% identity or similarity between sequences are shaded black and grey, re-
spectively. The IR8a amino acid sequences from Agam = Anopheles gambiae, Amel = Apis melifera, Apis = Acyrthosiphon pisum, Bmor = Bombyx mori, Dmel = 




































Figure 2. Alignment of the SgreIR25a amino acid sequence with IR25a sequences identified in other insects. Numbers on the right refer to the number of 
the last amino acid in the line. Black and grey shadings indicate amino acids which show at least 70% identity, respectively similarity, between sequences. 
Labeling of protein domains, abbreviations and origin of sequences are the same as indicated in figure 1. LmigIR25a = Locusta migratoria IR25a (GenBank: 
AFP33229.1) 
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Figure 3. Phylogenetic relationship of IR8a and IR25a sequences from S. 
gregaria and species belonging to various insect orders. A neighbour-joining 
tree was constructed using MEGA5 [35] based on a ClustalW alignment of 
the IRs indicated in figures 1 and 2, as well as sequences from Aaeg = Aedes 
aegypti, Cpom = Cydia pomonella, Cqui = Culex quinquefasciatus, Dgri = D. 
grimshawi, Dpse= D. pseudoobscura, Msex = Manduca sexta, Nvit = Nasonia 
vitripennis and Phum = Pedeculus humanus, [16, 29, 43]. Bootstrap support 
values are based on 1000 replicates, only support values above 80% are 
shown. Branch lengths are proportional.  
 
Spatiotemporal expression patterns of 
SgreIR8a and SgreIR25a  
To determine the level of expression for SgreIR8a 
and SgreIR25a in male and female antenna and to 
assess if the two IRs may also be expressed in other 
parts of the body, RT-PCR experiments were per-
formed using IR-specific primers and cDNA prepared 
from chemosensory (male and female antennae, 
mouthpart, tarsi) and non-chemosensory (brain) tis-
sues of locust. With primer pairs specific for SgreIR8a 
and SgreIR25a, respectively, bands of the expected 
size were found in the antennae of both sexes, with no 
obvious differences in the expression level. In addi-
tion, transcripts for SgreIR25a were also found in 
cDNAs from mouthparts and at a low level from tarsi. 
This result indicates that SgreIR25a is expressed not 
only in the antennae. No PCR products were obtained 
with cDNA preparations of brain (Fig. 4A).  
To explore the onset and time course of SgreIR8a 
and SgreIR25a expression during development dif-
ferent stages were compared. cDNAs prepared from 
antennae of different nymphal stages (1st to 5th instars) 
and adult animals were analysed with IR-specific 
primers (Fig. 4B). With templates from all stages, PCR 
products were obtained with slightly different inten-
sities, especially for SgreIR8a. Together the results 
indicate that both IR-subtypes are expressed in an-
tennae throughout development from the first instar 
stage to adult.  
Identification of the IR-expressing cells on the 
antenna  
Four morphological distinct sensilla types 
housing sensory cells have been identified on the an-
tenna of the desert locusts: olfactory sensilla 
basiconica, sensilla trichodea and sensilla coeloconica, 
while the sensilla chaetica are supposed to serve a 
gustatory/mechanosensory function [2]. To visualize 
the cells which express SgreIR8a and SgreIR25a in 
antennae in situ hybridization (ISH) experiments were 
performed. Sections through the antennae were in-
cubated with IR-specific anti-sense RNA probes and 
positive cells visualized employing colour substrates. 
Experiments with a SgreIR8a specific 
Dig-labeled anti-sense RNA probe led to the labeling 
of several cells within an antennal segment (Fig. 5A 
and B). Control experiments with a corresponding 
sense RNA probe did not result in any labeled cells; 
thus confirming the specificity of the ISH signals (Fig. 
5H). More detailed analysis revealed that within a 
section the SgreIR8a anti-sense RNA probe visualized 
either individual cells (Fig. 5C and F), two adjacent 
cells (Fig. 5D) and in some cases even clusters of three 
cells (Fig. 5E). SgreIR8a-positive cells could clearly be 
assigned to s. coeloconica (Fig. 5C - F), but were not 
found under any s. basiconica (Fig. 5C), s. trichodea 
(Fig. 5F) or s. chaetica (Fig. 5E). For comparison we 
performed ISH with a SgreORco-specific probe re-
sulting in a complementary labeling pattern, thus 
confirming our previous results [32] that ORco is ex-
pressed in the 20-30 OSNs housed in s. basiconica 
(Fig. 5G) as well as in the 2-3 OSNs in the s. trichodea 
(not shown). Together, these results suggest that ex-
pression of SgreIR8a is restricted to s. coeloconica.  
ISH-experiments with a SgreIR25a-specific an-
ti-sense RNA probe resulted in a labeling pattern 
quite similar to SgreIR8a (Fig. 6), with either single 
cells or with two or three adjacent cells on a single 
section (Fig. 6A - C). In addition with the SgreIR25a 
probe occasionally clusters of four labeled cells were 
found (Fig. 6D). While no labeled cells were seen un-



































regularly found labeled cells under some of the s. 
chaetica (Fig. 6G and C). These results indicate that 
SgreIR25a is more broadly expressed; both in s. coe-
loconica as well as in a subpopulation of s. chaetica. 
Since both IR-subtypes are predominantly ex-
pressed in the s. coeloconica, the possibility exists that 
they could be co-expressed in the same cell. To scru-
tinize this view, double FISH experiments were per-
formed employing differentially labeled SgreIR8a- 
and SgreIR25a-specific probes. The results are de-
picted in (Fig. 7); cells containing IR transcripts were 
visualized by red or green fluorescence for, respec-
tively, SgreIR25a and SgreIR8a. Although the exper-
iments were hampered by the relatively low FISH 
signal intensities, we regularly visualized cells which 
were clearly co-labeled by both probes indicating 
co-expression of SgreIR8a and SgreIR25a (Fig. 7A - C). 
In addition, we found cells that appear to express only 
one of the two receptors (Fig. 7D - I). Together our 
results indicate heterogeneous expression of SgreIR8a 
and SgreIR25a in distinct but partly overlapping 
populations of OSNs. 
To support the specific expression of SgreIR8a 
and SgreIR25a in OSNs of s. coeloconica but not in 
OSNs of s. basiconica or s. trichodea we performed 
double FISH with SgreIR- and SgreORco-specific 
probes. The results for the combination 
SgreIR8/SgreORco are shown in (Fig. 8). On longitu-
dinal sections through the antenna cells labeled with 
SgreIR8a (green) and labeled with SgreORco (red) are 
clearly separated (Fig. 8C and G). The SgreIR8a probe 
labeled 1-3 cells under s. coeloconica (Fig. 8A and D), 
while SgreORco probe labeled a cluster of many cells 
(Fig. 8B and F) thus confirming the results obtained 
with single probes (Fig. 5). Analysis of more horizon-
tal sections of the antenna revealed that the 
SgreIR8a-positive cells (Fig. 8E) are intermingled but 
clearly separated from the clusters of SgreOR-
co-positive cells (Fig. 8G). This labeling pattern is 
reminiscent of the mixed topography described for s. 
coeloconica and s. basiconica on the locust antenna 
[2]. Two-color FISH experiments using the combina-
tion SgreIR25a/SgreORco probes gave a similar la-
beling pattern (Fig. 9). Areas labeled with a 
SgreIR25a-probe (Fig. 9A) or with a SgreORco-probe 
(Fig. 9B) were clearly separated (Fig. 9C), indicating 
that ORco is not expressed in SgreIR25a-positive cells 
of sensilla coeloconica. In accordance with the result 
obtained with the single probe ISH and a chromo-
genic visualization, double FISH experiments 
demonstrated that a SgreIR25a probe labeled cells also 
under some s. chaetica (Fig. 9D - F). Also, the 
SgreIR25a-positive cells of sensilla chaetica (Fig. 9D) 
did not co-express SgreORco (Fig. 9E) but were well 
separated from the ORco-expressing cells (Fig. 9F). 
 
 
Figure 4. Tissue specificity and developmental expression of SgreIR8a and SgreIR25a. RT-PCR experiments were performed using cDNAs prepared from 
the tissues indicated and primer pairs specific for SgreIR8a and SgreIR25a, respectively. Primers to actin were used as control for the integrity of the cDNA 
preparations. A, Expression of the IRs in different locust tissues. FA, female antenna; MA, male antenna; M, mouthparts (maxillary and labial palps); B, brain; 
T, tarsi. B, Comparison of the IR expression in the antennae of different nympal stages (1st to 5th instar) and adults. Amplification products were analysed 
on agarose gels and visualized by UV illumination after ethidium bromide staining. 
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Figure 5. Topography of 
SgreIR8a gene expression in the 
antenna S. gregaria. In situ hy-
bridization using SgreIR8a- 
specific Dig-labeled sense and 
anti-sense riboprobes and 
visualization with color sub-
strates. A, Labeling of cells by 
the SgreIR8a anti-sense RNA 
probe in two antennal segments 
of the desert locust. B, Higher 
magnification of the area boxed 
in A. C - F, The SgreIR8a 
anti-sense RNA probe labeled 
one to three cells under sensilla 
coeloconica (s.co), but never 
cells under sensilla basiconica 
(s.ba, C) , sensilla chaetica (s.ch, 
E) or sensilla trichodea (s.tr, F). 
G, Labeling of cells by a 
Dig-labeled SgreORco-specific 
anti-sense RNA probe. H, No 
hybridization signals were 
observed with the SgreIR8a 
sense probe. A, B, D, E: female 
antennae; C, F, G, H: male 
antennae. Scale bars: 100 m in 
A; 50 m in B, G, H; 20 m in C, 




































Figure 6. Localisation of SgreIR25a gene expression in the antenna of S. gregaria. In situ hybridization using SgreIR25a-specific Dig-labeled sense and 
anti-sense riboprobes and chromogenic visualization. A - D, The SgreIR25a anti-sense RNA probe labeled one (A), two (B), three (C) or four (D) cells 
under sensilla coeloconica (s.co). No cells under sensilla trichodea (s.tr, E) and sensilla basiconica (s.ba, F) were labeled. For sensilla chaetica (s.ch), cases 
of no labeled cells (C) and SgreIR25a-positive cells (G) were found. H, No labeling of cells were obtained with the SgreIR25a sense riboprobe. B, C, E, H: 
female antennae; A, D, G, F: male antennae. Scale bars: 20 m in A - G; 50 m in H.  
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Figure 7. Partial overlap of SgreIR8a and SgreIR25a expression. Double 
FISH on antennal sections using Dig-labeled SgreIR25a and biotin-labeled 
SgreIR8a probes with visualization of FISH signals in red (SgreIR25a) and 
green (SgreIR8a). A - C, Cluster of three cells labeled by both (C), the 
SgreIR25 probe (red, A) and the SgreIR8a probe (green, B). D - F, Distinct 
cells that only express SgreIR25a (red, D) or SgreIR8a (green, E) without 
overlap (F). G - I, Cluster of three cells, with one cell co-expressing 
SgreIR8a and SgreIR25a (I), the other two cells express SgreIR25a (red, G) 
but not SgreIR8a (H, green). A - C, G - I: female antennae; D - F: male 










Figure 8. SgreIR8a is not expressed in cells expressing SgreORco. 
Two-color FISH on antennal sections of male locust using a biotin-labeled 
SgreIR8a and a Dig-labeled SgreORco probe and detection by green 
(SgreIR8a) and red (SgreORco) fluorescence. A - D, Hybridization signals 
on a sagital section of the antenna. The IR8a anti-sense RNA probe labeled 
cells under sensilla coeloconica which are not labeled by the ORco probe. 
Pictures show projections of confocal image stacks showing the separated 
(A, green; B, red) or overlaid (C) fluorescence channels. To better show 
the morphology of the section the transmitted light channel has been 
overlaid with the fluorescence channel in D. E - G, Two-color FISH on a 
more horizontal section of the antenna section confirming the expression 
of SgreIR8a (green) and SgreORco (red) in different cells. Clusters of 
ORco-positive cells are intermingled with SgreIR8a-positive cells. Pictures 
show the separated green (E) and red (F) fluorescence channels and the 




































Figure 9. Expression of SgreIR25a and SgreORco locate in different cells. 
Double FISH on female antennal sections was performed employing 
Dig-labeled SgreIR25a and biotin-labeled SgreORco probes. Positive cell 
were visualized by red (SgreIR25a) and green (SgreORco) fluorescence. A 
- C, Hybridization signals on a longitudinal section of the antenna. The 
IR25a anti-sense RNA probe labeled cells under sensilla coeloconica which 
are not labeled by the ORco probe. D - F, The SgreIR25a anti-sense RNA 
probe labeled cells under sensilla cheatica which do not express Sgre-
ORco. Pictures are projections of confocal image stacks showing the 
separated (A, D, red; B, E, green) or overlaid fluorescence channels (C, F 
with transmitted light channel). Scale bars: 20 m. 
 
Discussion 
In this study we identified two genes which en-
code putative co-receptors of variant ionotropic re-
ceptors, the subtypes, IR8a and IR25a, of the locust 
Schistocera gregaria. The identification is based on the 
pronounced sequence similarity of SgreIR8a and 
SgreIR25a with the respective sequences from other 
insect species. Originally the IR8a and IR25a receptors 
were identified in the fruitfly Drososophila melanogaster 
as members of a novel type of olfactory receptor fam-
ily [14]. By means of bioinformatic genome screenings 
and transcriptome sequence analyses orthologs of 
IR8a and IR25a have been identified in a number of 
insect species as well as in other arthropods, such as 
crustaceans [16, 17, 29, 37]. Most remarkably, IR25a 
homologs were also found in the nematode Cae-
norabditis elegans, the mollusc Aplysia californica and 
the annelid Capitella capitata. Thus, these receptor 
types seem to be under high selective pressure to 
maintain the primary structure of the protein [29] 
suggesting an important functional role of the pro-
teins.  
The in situ hybridization experiments have 
shown that both receptor types, IR8a and IR25a, are 
mainly expressed in sensory neurons located in sen-
silla coeloconica. They are not expressed in OSNs of 
the sensilla basiconica and sensilla trichodea. This 
notion was substantiated by the results of double 
FISH experiments, demonstrating that both SgreIRs 
are not co-expressed with ORco (Figs. 8 and 9), which 
is selectively expressed in OSNs of s. basiconica and s. 
trichodea of locust [32]. A similar distribution pattern 
of ORco was also found in other insects [38, 39]. Re-
cent studies suggest IR8a and IR25a may act as 
co-receptors and may form heteromers with another 
variant ionotropic receptor [30, 31] thus resembling 
the role of ORco for the ligand-specific OR-subtypes. 
Consequently, the expression of ORco is considered 
as an indicator for the expression of other OR-types 
and similarly IR8a and IR25a may be indicators for the 
expression of IR-subtypes. This view would imply 
that the sensory cells housed in s. coeloconica of the 
locust antenna express the variant ionotropic receptor 
and they are only present in this sensilla type. 
Previous electron microscopic studies have 
identified two morphological distinguishable types of 
sensilla coeloconica on the antenna of S. gregaria [2]. 
The double wall type is penetrated by radial pores 
and contains one to three unbranched sensory neu-
rons (type I), while the non-porous wall type (type II) 
contains four sensory neurons [2]. The in situ hybrid-
ization experiments have shown that SgreIR8a and 
SgreIR25a are apparently expressed in both types of s. 
coeloconica; in most cases the number of labeled cells 
varied from 1 to 3 (Figs. 5 and 6). Clusters of four la-
beled cells were only obtained using the probes for 
SgreIR25a (Fig. 6D), suggesting that only SgreIR25a 
may be expressed in all neurons of type II sensilla. 
The results of double-labeling studies showed that 
SgreIR8a and SgreIR25a are co-expressed in a sub-
population of cells, but there are also cells which ex-
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press only one of the two subtypes. This expression 
pattern is reminiscent of that in Drosophila, where 
immunohistochemical studies with specific antibodies 
have demonstrated that IR8a and IR25 are expressed 
in distinct but partially overlapping populations of 
neurons [31]. Although we cannot exclude that in 
some cases SgreIR co-expression was not detected due 
to transcript levels below the detection limit, the data 
indicate a heterogeneous expression pattern of 
SgreIR8a and SgreIR25a in the sensilla coeloconica of 
the locust. 
SgreIR25a-positive cells were also found in some 
sensilla chaetica which are supposed to serve gusta-
tory/mechanosensory functions [2]. The notion that 
IR25a may be present in gustatory chemosensory cells 
was supported by the result of RT-PCR experiments 
indicating expression of SgreIR25a in mouths parts, 
which carry hundreds of s. chaetica (labial palps) and 
peg-like sensilla (maxillary palps); these sensilla are 
supposed to have a primary gustatory function [40]. 
The concept that locust gustatory neurons may 
co-express SgreIR25a and other ligand binding IRs is 
in line with some recent studies demonstrating that in 
Drosophila IR25a is co-expressed with IR7a in gusta-
tory cells on the labellum [29] and that IR76b is in-
volved in the detection of salt [41]. 
The results of our in situ hybridization experi-
ments that there are no obvious gender differences in 
the number of SgreIR8a- or SgreIR25a-expressing cells 
(Figs. 5 and 6) as well as in the levels of SgreIR8a and 
SgreIR25a transcripts in male and female antennae 
(Fig. 4) are in agreement with similar numbers of s. 
coeloconica on the antenna of male and female ani-
mals [2, 42]. Overall these data suggest that the two 
co-receptors are of similar importance in the male and 
female olfactory system. The presence of SgreIR8a 
and SgreIR25a transcripts in the antennae of all five 
nymphal stages is in accordance with the observation 
that s. coeloconica exist already in first instar stage 
and are maintened till the adult stage [2]. This may 
further underline the importance of the variant iono-
tropic receptor for chemoreception of Schistocera 
gregaria throughout the entire locust lifespan. 
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The major aim of the present thesis was to shed light on the evolution of the insect olfactory 
gene families. We used deep antennal transcriptome sequencing as the basis for identification 
of olfactory gene families in both the jumping bristletail Lepismachilis y-signata 
(Archaeognatha) and the firebrat Thermobia domestica (Zygentoma). For both examined 
species we could demonstrate the existence of a functional olfactory system (Chapter I), 
however, the genetic basis of this sense of smell differs from other insects that have been 
previously studied (Chapter I). Although we could identify OBPs in both species (Chapter II), 
an OR/Orco based olfactory system was completely lacking in the jumping bristletail L. y-
signata and only the coreceptor Orco was identified in the firebrat transcriptome (Chapter I). 
Moreover, in the firebrat we have identified multiple coreceptor variants, a situation not 
previously found in any other insect (Chapter I).  
In both of the examined species, other receptors besides ORs seem to cover the animals´ 
olfactory abilities, such as the evolutionary older IRs that we successfully identified in the 
transcriptome datasets of both species (Chapter I). For the putative IR coreceptors of L. y-
signata we have shown an expression in antennal cells that closely resemble sw-wp olfactory 
sensilla (Chapter I). In contrast, antennal IRs of Schistocerca gregaria are expressed in OSN 
populations housed in dw-wp coeloconic sensilla (Chapter III), whereas Orco expression is 
restricted to sw-wp trichoid and basiconic sensilla (Yang et al. 2012).  
 
Which receptors are involved in odor detection in non-flying insects? 
The insect olfactory system mainly relies on two different receptor families, the insect 
specific ORs and the evolutionarily older IRs. The conservation of IRs within protostomes 
and the restriction of ORs to insect genomes suggest that IRs were the ancient type of insect 
odorant receptor (Robertson et al. 2003; Croset et al. 2010, Silbering et al. 2011). This 
sequence of receptor evolution is reflected in developmental properties of the insect IR and 
OR olfactory subsystems, including the order of evolution of upstream developmental 
regulators and the developmental timing of IR and OR related circuits (Silbering et al. 2011). 
In Drosophila melanogaster, the peripheral antennal OR pathways differentiate after the IR 
pathways have been established during development (Silbering et al. 2011). In agreement to 
the hypothesis that IRs were the first insect olfactory receptors, we neither identified ORs nor 
their coreceptor Orco within the antennal and maxillary palp transcriptomes of L. y-signata, 
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while we found the evolutionarily older IRs to be present in this species (Chapter I). Further 
experiments, such as microarrays, immunohistochemistry and attempts using degenerated 
primers for Orco-cloning (Chapter I, Additional experiments), as well as deep antennal 
transcriptome sequencing, all failed to show any indication of an OR/Orco based olfactory 
system. Investigation of an additional whole-body transcriptome did not reveal the 
transcription of OR and Orco genes elsewhere in the body of L. y-signata. Since Orco is 
conserved across insects and it is normally expressed in a majority of OSNs, it is highly 
unlikely that we missed Orco-coding sequences due to dissimilarity. In addition, the 
considerable depth of the sequencing approach makes is seem unlikely that we missed Orco 
due to low expression levels. Therefore, Orco and ORs seem to be absent in this species, and 
the olfactory system of L. y-signata must rely on other receptor types, presumably IRs. 
The IRs are also most likely the exclusive olfactory receptors in crustaceans, the closest 
relatives of insects (Peñalva-Arana et al. 2009, Croset et al. 2010, Corey et al. 2013). While 
IRs have been reported from crustacean antennal transcriptomes, ORs or GRs have never 
been found (Corey et al. 2013, Groh et al. 2013). Since ORs are thought to be an adaption to a 
terrestrial insect lifestyle, terrestrial crustaceans might show similar adaptations. However, the 
molecular makeup of the terrestrial hermit crab Coenobita clypeatus (Decapoda, 
Coenobitidae) did not change much in comparison to its aquatic relative Pagurus bernhardus 
(Decapoda, Coenobitidae). The terrestrial hermit crab did not evolve an additional novel class 
of receptors as detectors for volatile compounds but instead use the same subclass of IRs as its 
aquatic relative (Groh et al. 2013), which lends further strength to our analysis of the 
primarily flightless insect species. It will be interesting to investigate the molecular basis of 
olfaction in the Coconut crab Birgus latro (Decapoda, Coenobitidae) in the future. Compared 
to other terrestrial hermit crabs, like C. clypeatus, the olfactory system of B. latro appears 
much more similar to the insect olfactory system (Stensmyr et al. 2005, Hansson et al. 2011). 
While C. clypeatus mainly respond to short chain water-soluble molecules like acids and 
amine (Krång et al., 2012), B. latro has developed a higher capacity to detect airborne 
volatiles including odors that are insoluble or only slightly soluble in water (Stensmyr et al., 
2005), something which is similar to what we observed in our study of L. y-signata (Chapter 
I).  
It has been shown that IRs indeed have the capability to detect ligands other than amines and 
acids, as was the case for D. melanogaster IR64a. This IR is expressed in different 
subpopulations of sensilla in the third chamber of the sacculus, a three-chambered pit organ 
on the third antennal segment of D. melanogaster (Silbering et al. 2011). Corresponding 
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OSNs are activated either by free protons or organic acids, as well as many other odors, 
including esters, alcohols and ketones (Ai et al. 2010). Expression of this IR together with 
IR8a is both necessary and sufficient to introduce sensitivity towards organic acids and other 
odors, but probably requires a different, still unknown cofactor to mediate the specific 
response of these OSNs to inorganic acids and to CO2 (Ai et al., 2010). However, ectopic 
expression of IR64a and IR8a in Xenopus oocytes did not completely recapitulate the whole 
spectrum measured in antennal lobe calcium imaging (Ai et al. 2013), which again suggests 
other cofactors.  
But how can the response of the neurons expressing the same set of receptors be altered? One 
possibility might be due to the fact that many IR expressing OSNs do not only show 
excitation, but also demonstrate inhibition. Most agonists are amines or carboxylic acids. 
Antagonists, however, belong to various chemical classes, including amines, acids, but also 
alcohols, ketones and esters (Silbering et al. 2011). IR mediated excitatory and inhibitory 
olfactory signaling is already well known in lobster OSNs where both excitation and 
inhibition are mediated by G protein-activated secondary messenger pathways. Odor-evoked 
excitatory signaling in lobster ORNs involves activation of phosphoinositide-3-kinase and 
phospholipase C (Xu and McClintock 1999, Corey et al. 2010); however, odor-evoked 
inhibitory signaling requires activation of cyclic nucleotide signaling (Michel and Ache 
1992). A similar signaling pathway was observed in the vertebrate supraoptic nucleus of the 
hypothalamus where GABA release is mediated by kainate iGluRs through an ionotropic 
mode of action, whereas its inhibition is mediated by a phospholipase C-dependent 
metabotropic pathway activated by the same receptor (Bondfardin et al. 2010). Interestingly, 
the switch between the two modes of action is induced by increased levels of the receptor 
agonist glutamate. The mechanism that allows the receptors to change between excitatory   
and inhibitory signaling is not well understood, but this might be a general feature of iGluRs 
and also IRs (Corey et al. 2013). Nevertheless, a switch between the two modes of activation 
could also alter the spectrum of agonists and antagonists of IRs dramatically, allowing the 
detection of a broader chemical range, as we have shown it for L. y-signata (Chapter I). 
 
Potential role of GRs 
Even though ORs are only distantly related to GRs, one should also consider those as possible 
receptors for volatile substances. In a recent paper by Tauxe et al. (2013) it has been shown 
that CO2-sensitive, GR-expressing cpA olfactory neurons on the maxillary palps of the 
mosquitoes Anopheles gambiae (Diptera: Culicidae) and Aedes aegypti (Diptera: Culicidae) 
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are also sensitive to human skin odors. CpA neurons are housed in capitate peg (cp) sensilla 
which are found on the maxillary palps and express three conserved members of the GR gene 
family. Beside CO2 these neurons responded to 3-hexanol, 3-methyl -2-buten -1-ol, 2,5-
dimethylpyrazine, 4-methyl -3-penten -2-one, 1-pentanol, 1-butanol, butanone, 3-methyl -1-
butanol and many more (Tauxe et al. 2013). The GR-encoded receptors are required for 
detecting odorant ligands as well as CO2, a likely evolutionarily conserved function since a 
similar response spectrum was shown for D. melanogaster CO2 neurons (Tauxe et al. 2013). 
The receptors themselves are conserved across dipterans, lepidopterans and coleopterans 
(reviewed in Robertson and Kent 2009). 
In accordance with previous studies that suggest the lineage of CO2 receptors to be absent in 
crustaceans and more basal insect orders (Robertson and Kent 2009), we did not identify the 
orthologue CO2 receptors in the transcriptomes of L. y–signata or T. domestica (Chapter I). 
Most gustatory receptors we found were sorted into the sugar receptor or the fructose receptor 
groups. Both receptor groups are evolutionarily old and conserved across insects (Kent and 
Robertson 2009, Freeman et al. 2014). Both L. y-signata and T. domestica have gustatory 
sensilla on their antennae and at least for T. domestica a response of those gustatory sensilla 
towards sugars has been previously shown (Hansen-Delkeskamp 2001). Both detection of 
sugars and the detection of a proposed contact-pheromone (Fröhlich and Lu 2013) likely 
involve GRs. Because only a small set of GRs was identified in L. y-signata and T. domestica 
an involvement of the limited set of GRs beyond this scope is very unlikely (Chapter I). 
 
Evolution of Orco 
Although it does not bind ligands, Orco is an essential part of the insect OR/Orco complex. 
Orco is necessary for both, the localization of ORs to dendritic membranes (Larsson et al. 
2004, Benton et al. 2006) and the odor induced ionotropic signalling (Sato et al. 2008, Wicher 
et al. 2008). In contrast to the bristletail L. y-signata, where no ORs and Orco were found, we 
have identified three Orco-like variants in the firebrat transcriptome (Chapter I). Previously, 
only one Orco orthologue had been identified in each insect studied (reviewed in Stengl and 
Funk 2013). The three T. domestica Orco variants we found are not splicing variants and 
differ in their actual sequences. All Orco-like variants of T. domestica were found to be 
expressed in the antennae, and for one Orco we could show its expression specifically in the 
antennal OSNs (Chapter I). While the antennal expression argues for a potential involvement 
in chemosensation, the existence of three Orco types found in the absence of ORs remains 
mysterious, since they were always found together in other insect studies. One possibility 
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could be that the proteins interact with other receptors like the more ancient GRs, building 
GR/Orco complexes. Thus far, no single Orco-like counterpart has been identified among 
GRs. Although some GRs are coexpressed inside the same gustatory neuron, for example the 
CO2 receptors (Jones et al. 2007, Kwon et al. 2007), the sugar receptors (Jiao et al. 2008) and 
bitter receptors (Lee et al. 2009), the combined ectopic and mutant analysis suggested that 
each receptor contributes to detection of ligands and does not exclusively serve as a 
coreceptor (Freeman et al. 2014). Additionally, these receptor pairs often form individual 
receptor lineages in phylogenetic analyses, which indicate a common origin of those GRs, a 
situation that is comparable to what we found for the T. domestica Orcos. A second possible 
explanation could be that the T. domestica Orcos form a functional receptor, building 
heteromers with one or two of the other coreceptor-like variants, as the sugar or CO2 receptors 
do. Alternatively, Orco homomers could form functional channels on their own (Jones et al. 
2011), mediating a cation current gated by cyclic nucleotides (Wicher et al. 2008). Cyclic 
nucleotides are produced in secondary messenger pathways by adenylyl cyclases. In 
crustaceans an antennal specific adenylyl cyclase is a candidate for producing cAMP in the 
inhibitory olfactory transduction pathway (Doolin and Ache 2005), likely activated by IRs. 
The T. domestica Orco-like candidates therefore might serve as an ion channel in OR-
independent processes.  
 
Evolution of ORs 
Although insect ORs are unrelated to vertebrate and nematode olfactory receptors they appear 
to have derived from the GR family (Scott et al. 2001, Robertson et al. 2003). GRs have been 
identified in insects as well as in the related aquatic crustaceans (Penãlva-Arana et al. 2009) 
and beyond (Vieira and Rozas 2011). The transition of the hexapodan ancestors from an 
aquatic to a terrestrial lifestyle was often seen as a driving force for the evolution of ORs 
(Robertson et al. 2003). The olfactory system had to adapt to terrestrial conditions and the 
detection of volatile, air-borne chemicals. However, our data suggest that ORs evolved in 
insect evolution after the emergence of Archaeognatha and Zygentoma, and therefore long 
after insects transitioned to a terrestrial lifestyle (Chapter I). At the time when pterygote 
insects appeared, the vegetation on earth was rapidly spreading and diversifying. This was 
connected to a fast extension of available chemical cues that could be used by the insects. 
Odor detection might also have needed to change during the evolution of insect flight, since a 
much higher temporal resolution and a higher sensitivity are necessary to navigate at higher 
speeds and further from the ground. It has been shown that IR-expressing OSNs are better in 
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close range odor detection where odor interaction time is not a limiting factor. This might be 
the case for non-flying insects that live on or in the ground. In contrast OR-expressing 
neurons are more sensitive and better at resolving brief stimuli, but show 
desensitization/adaptation at longer stimulus duration (Getahun et al. 2012). ORs therefore 
might not only increase the chemical detection ability of insects, but also allow the olfactory 
system to more rapidly assess airborne odors. We therefore hypothesize that insect ORs 
evolved after insects acquired flight. 
 
Single-walled versus double-walled sensilla 
Chemosensory sensilla are well known in the different arthropod groups, including Arachnida 
(Tichy and Barth 1992), Myriapoda (reviewed in Tichy and Barth 1992), Crustacea (Schmidt 
and Gnatzy 1984) and Hexapoda (reviewed in Hallberg and Hansson 1999). Hexapod 
olfactory sensilla are of two categories: sw-wp sensilla of various shapes and dw-wp sensilla 
(Altner 1977) with spoke channels. The oldest insect taxon where dw-wp sensilla were 
identified is Zygentoma, having both sw-wp and dw-wp sensilla as well as an intermediate 
sensillum type (Berg and Schmidt 1997). Meineke (1975) suggests that dw-wp sensilla are the 
ancient type of insect olfactory sensilla, which he assessed by comparing different sensillum 
types in lamellicornian beetles. Based on this view, Berg and Schmidt (1997) hypothesized 
that the intermediate sensillum type in Zygentoma might represent the precursor for sw-wp 
sensilla, but it might well be the other way around. Following Meinekes argument, the dw-wp 
sensilla must have been lost independently in Collembola, Protura and Archaeognatha, 
because as in Archaeognatha (Berg and Schmidt 1997) also in Collembola (Slifer and Sekhon 
1978) and Protura (Dallai and Nosek 1981) only sw-wp basiconic sensilla were identified. 
The evidence that dw-wp sensilla evolved within the lineage of Dicondylia is more sparse.  
So far OR and IR expression in insect antennae has only been characterized in a few species. 
In contrast to L. y-signata were we could show IR coreceptor expression close to sw-wp 
sensilla (Chapter I), both in the vinegar fly D. melanogaster (Benton et al. 2009) and in the 
desert locust S. gregaria (Chapter III) IRs and ORs are expressed in complementary sets of 
OSNs. OSNs in coeloconic sensilla (dw-wp sensilla) express one or both putative IR 
coreceptors (Benton et al. 2009; Chapter III) in combination with other antennal IRs (Benton 
et al. 2009), whereas OSNs of basiconic and trichoid sensilla (both sw-wp sensilla) express 
Orco and ORs (Yang et al. 2012, Benton et al. 2009). OR and Orco expression is reported for 
only one coeloconic OSN type in D. melanogaster (Benton et al. 2009) and is completely 
absent inside the coeloconic sensilla of S. gregaria (Yang et al. 2012, Chapter III).  
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The reasons for a tendency for certain receptor types to be expressed in one or the other type 
of insect sensillum, and the actual effect of the sensillum type on the neuronal response to 
odorants is still unknown. Different wall structures of the sensilla probably act as a filter for 
stimulating substances (Steinbrecht and Müller 1976, Altner 1977, Altner and Prillinger 1980, 
Schaller 1982, Zacharuk 1980, 1985, Keil and Steinbrecht 1984). In a tracer study by Hawke 
and Farly (1971) it was found that the tracer lanthanum did not penetrate the spoke channels 
of dw-wp sensilla unless chloroform had been used, whereas acetone as solvent was necessary 
for filling sw-wp sensilla. The authors concluded that the walls of the grooves are lined with a 
lipid material that is more rapidly dissolved by chloroform. Chloroform is a more polar 
molecule that dissolves phospho- and neutral lipids better than acetone, whereas acetone 
dissolves more hydrophobic layers. This might be a hint that hydrophilic odors can more 
easily penetrate into dw-wp sensilla whereas hydrophobic odors better diffuse into sw-wp 
sensilla (Steinbrecht 1997), what matches very well to the complementary ligand spectra of 
IRs and ORs in higher insects (Silbering et al. 2011). 
In SSR-experiments we have found that OSNs of different sensillum types of the firebrat T. 
domestica showed a slightly different response spectrum when compared to the bristletail L. 
y-signata, where only sw-wp sensilla are present (Chapter I). In the latter species, many OSNs 
were rather broadly tuned and responded to acids, aldehydes and many other odors, while 
other OSNs within the same sensillum were specific to acids and aldehydes. In T. domestica a 
much better spatial separation between the detection of hydrophilic and hydrophobic odorants 
was seen. OSNs in sw-wp sensilla mostly responded to alcohols, ketones and esters, whereas 
OSNs in dw-wp sensilla mostly responded to aldehydes, amines and acids. However, some of 
the OSNs inside the grooved sensilla of T. domestica also responded to esters, ketones and 
alcohols.  
At least one Orco-variant of T. domestica is expressed in a subpopulation of OSNs inside sw-
wp sensilla, but not in OSNs of dw-wp sensilla (Chapter I). It therefore seems that the 
beginning evolution of a second receptor family, with the coreceptor Orco present in T. 
domestica (discussed above) co-occurred with the design of a second olfactory sensillum type. 
 
Independent evolution of OBPs and ORs 
There is a hypothesis that insect OBPs and ORs evolved in parallel after insects have 
colonized land, similar to the binding proteins and olfactory G protein-coupled receptors of 
vertebrates (Vieira and Rozas 2011). However, OBPs, but not ORs were identified in L. y-
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signata and T. domestica (Chapter I and II). The L. y-signata and T. domestica OBPs are the 
oldest insect OBPs described so far. But what was the origin of these genes? 
OBPs are not exclusivity expressed in olfactory tissue. Many OBPs were localized in 
gustatory pits (Angeli et al. 1999, Galindo and Smith 2001) and non-chemosensory tissue 
(e.g. Gong et al. 2009, Zhang et al. 2013). These proteins may thus participate in other 
physiological functions (reviewed in Pelosi et al. 2006), for example, as carriers of hormones 
and other regulatory compounds (Iovinella et al. 2013). One D. melanogaster OBP, 
DmelOBP19d (also Pbprb2), was found to be expressed in coeloconic sensilla. Within 
coeloconic sensilla the protein has only been detected in the outer, but not in the inner 
sensillum lymph and could therefore not be involved in the actual transfer of odors through 
the sensillum lymph (Shanbhag et al. 2001). Additionally, DmelOBP19d was located in 
gustatory sensilla and epidermal cells of the funiculus and the maxillary palp (Shanbhag et al. 
2001). One hypothesis for the presence of OBPs in epidermal cells is that these cells secrete 
apolar, water-insoluble substances into the cuticle, especially for building the epicuticular 
layers (reviewed in Locke 1998, Shanbhag et al. 2001). These substances have to pass through 
the aqueous environment of the cells and the inner cuticle, maybe with the help of OBP-like 
carrier proteins. Epidermal cells are the precursors of sensillum cells (for review see Keil 
1997) and OBPs could have evolved by specialization from those general carrier proteins 
(Shanbhag et al. 2001). After terrestrialization, there might be a selective pressure leading to 
the diversification of those carrier proteins to function as mediator of airborne molecules by 
transferring odor molecules to the receptors (Vieira and Rozas 2011).  
The idea that at least some of the OBPs identified in L. y-signata and T. domestica play a 
significant role in olfaction is supported by the presence of putative homologues of the only 
two conserved insect OBPs, the OBP59a and OBP73a (not found in Hymenoptera, Zhou et al. 
2010, Chapter II). At least for the D. melanogaster OBP59a, a function in olfaction has been 
proposed. A reduced expression of DmelOBP59a alters the behavioral response of the flies to 
1-hexanol, 2-heptanone and propanal (Swarup et al. 2011). The strong conservation of both of 
these OBPs indicates a critical role for these proteins, especially since OBPs normally are 
highly divergent (Pelosi et al. 2005). Since OBPs are thought to mediate the transferring 
process of odorants through the lymph (Vogt et al. 1991, Pelosi 1994, Pophof 2004, Prestwich 
et al. 1995, Tsuchihara et al. 2005, Grosse-Wilde et al. 2006), they could also have an 
influence on the actual response spectrum of other receptors, such as the IRs of L. y-signata. 
Odorants that rarely reach the receptors by just diffusion could interact with receptor proteins 
in the presence of OBPs.  




After the evolution of ORs and Orco, OBPs might have been secondarily coopted into an 
OR/Orco subunit based olfactory pathway and the diversification of ORs and OBPs that we 
see today in higher insects could be the result of a coevolution of both gene families.  
Altogether this thesis can demonstrate that OBPs and ORs did not evolve together, but they 
rose independently, most likely OBPs first, followed by ORs, as supported by the presence of 
OBPs already found in the oldest insect taxon, the Archaeognatha. ORs occurred long time 
after insects colonized land with their coreceptor first (Figure 5). Lastly, this thesis supports 
the idea that the full OR/Orco complex could be an adaptation to insect flight and the 
demands on sensory speed and acuity raised thereby. 
 
Future prospects 
My thesis presents pioneering work in the field of insect olfactory receptor evolution and 
provides a very good starting point for future studies in this area. By investigating the two 
apterygote species we were able to identify a critical evolutionary step that is worthy of 
further analysis. Investigation of more antennal transcriptomes or genomes of both 
Archaeognatha and Zygentoma, as well as the first flying insect orders, the Ephemeroptera 
and Odonata, will help to understand more about the evolution of the OR gene family and 
provide possible ideas for the forces driving this evolution. Heterologous expression of the 
different T. domestica Orco variants will show if these receptors already possess the same 
properties as the Orco proteins of other insects and if they can take over the coreceptor 
Figure 1. Hypothetical evolution of insect odorant binding proteins (OBPs) and insect olfactory receptors 
(ORs).  
Both ionotropic receptors (IRs) and gustatory receptors (GRs) were found in other arthropod groups as 
chemoreceptors, however OBPs and ORs are specific to the insects. Both families evolved independently with 
OBPs present in the last common ancestor of Insecta sensu stricto. An insect OR/Orco based olfactory system 
evolved after the development of wings. 
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function by combining them with ORs of other insects such as D. melanogaster. Future 
expression of a single Orco or combinations of the different variants as well as GRs or IRs 
together with application of odors (e.g. ligands from Chapter I) could show if these proteins 
are sufficient to introduce odor responses in heterologous expression systems.  
There also remains the question of OBP function in an OR independent olfactory system. 
OBP localization and binding assays could give hints about their possible function in L. y-
signata and T. domestica olfaction or provide evidence for an ancient and not yet known 
function. Investigation of OBPs in Collembola, Protura and Diplura could add additional 









Chemosensation is essential for the survival of organisms ranging from bacteria to animals, 
and the gene families involved are as divergent as the organisms themselves. In addition, our 
understanding of the biochemical basis of chemosensation is incomplete because only a 
limited number of species have been studied thus far. This also holds true for insects, which 
represent the most diverse and abundant animal group. Insects owe this success not least a 
highly elaborated sense of smell. Many insect behaviors are highly dependent on olfaction, 
such as inter- and intraspecific communication, as well as locating food and oviposition sites. 
Mainly two receptor families have been described as detectors of olfactory stimuli in insects, 
these include: Olfactory receptors (ORs) and ionotropic receptors (IRs). While IRs are 
expressed in chemosensory tissue across protostomes, ORs were only found to be present in 
insects. The ligands of ORs are mainly hydrophobic molecules that have to cross the aqueous 
lymph inside the olfactory sensory structures, the sensilla. Odorant binding proteins (OBPs) 
are thought to facilitate this transfer of these odorant molecules across the aqueous lymph to 
the necessary receptors. Both the OR and OBP gene families are thought to have evolved after 
insects colonized terrestrial habitats, and that they coevolved in order to assist in the detection 
of airborne chemicals.  
 
Since no previous studies were conducted on insect taxa other than the modern wing-folding 
insects, namely the Neoptera, my research presented in this thesis was designed to fill this gap 
in our understanding of OR and OBP evolution through the study of the older, primarily 
wingless insect taxa.  
 
Deep antennal transcriptome sequencing combined with electrophysiological investigations 
was able to show that an airborne or terrestrial sense of smell is already present in the oldest 
insect taxa, namely the Archaeognatha and Zygentoma (Chapter I). Both the jumping 
bristletail Lepismachilis y-signata (Archaeognatha: Machilidae) and the firebrat Thermobia 
domestica (Zygentoma: Lepismatidae) possess a functional olfactory system, but the genetic 
basis of olfaction is different in these taxa than that of the Neoptera. Neither ORs nor their 
coreceptor Orco were found in the different transcriptome datasets of L. y-signata and only 
different coreceptor variants were identified in T. domestica. Unlike ORs, the Orco sequence 
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is highly conserved across different insect odors, facilitating its identification. Various 
attempts to identify Orco in the L. y-signata failed (Chapter I, Additional experiments). 
Instead of ORs and Orco, the evolutionary older IRs were detected in transcriptomes of L. y-
signata. In addition, the IR coreceptor coding RNA was located in sensory neurons close to 
single-walled basiconic sensilla (Chapter I). In flying insects such as the vinegar fly 
Drosophila melanogaster (Diptera: Drosophilidae) or the desert locust Schistocerca gregaria 
(Caelifera: Acrididae) (Chapter III) antennal IRs are mainly expressed in double-walled 
coeloconic sensilla, a sensillum type that is completely absent in L. y-signata and other 
archaeognathan species.  
Similar to L. y-signata, not a single OR candidate was identified in T. domestica. However, 
we found three Orco-like sequences, a situation never before described in insects (Chapter I). 
Both in previous insect transcriptomes and in insect genomes, only one Orco has ever been 
detected. All Orco-like variants of T. domestica were amplified from antennal cDNA, but not 
from the leg, the head (without antennae and palps) nor from body samples. For one Orco 
variant of T. domestica we were able to show its transcription in OSNs of single-walled 
olfactory sensilla, which strongly suggests a function of this Orco in olfaction. However, the 
exact function of the three Orco-like candidates that were identified in this research need to be 
further investigated.  
Although ORs were completely missing in both species that we examined, we could still 
successfully identify OBPs (Chapter II), including homologues of the only two conserved 
insect OBPs (the OBP59a and the OBP73a subgroup). For one orthologue, the D. 
melanogaster DmelOBP59a, a role in olfaction has been shown. Moreover, the strong 
conservation of this OBP across the insects suggests a critical and conserved role for the 
protein, especially since OBPs are typically highly divergent. 
 
Altogether the results of my thesis suggest that the insect ORs evolved a long time after 
insects had already colonized land, and additionally that the coreceptor Orco evolved before 
ORs. The results also show an independent origin of insect ORs and OBPs, with OBPs 
already present in the last common ancestor of Insecta sensu stricto. In addition, the results of 
my thesis suggest that the full OR/Orco complex could be an evolutionary adaptation in 
conjunction with insect flight and a necessary adaptation to the increased demands for sensory 










Die Wahrnehmung von chemischen Stoffen ist für die meisten Lebewesen lebensnotwendig. 
Nicht nur Tiere, sondern auch Bakterien, Pilze und Pflanzen detektieren chemische Stoffe in 
ihrer Umgebung. Die Detektoren (Chemorezeptoren) sind dabei so vielfältig, wie die 
Organismen selbst. Da bislang nur wenige Organismen auf das Vorkommen von 
Chemorezeptoren untersucht wurden, bestehen noch gravierende Lücken im Verständnis zur 
Evolution der zugrunde liegenden Genfamilien. Das gilt auch für die Insekten, die mit nahezu 
einer Millionen beschriebenen Arten die größte und erfolgreichste Tiergruppe darstellen. 
Diesen Erfolg verdanken Insekten nicht zuletzt ihrem extrem gut entwickelten Geruchssinn. 
Insekten nutzen ihren Geruchssinn für inner- und zwischenartliche Verständigung, sowie für 
das Auffinden von Futter und Eiablageplätzen. Hierbei spielen hauptsächlich zwei Familien 
von Geruchsrezeptoren ein Rolle: die Olfaktorischen Rezeptoren (ORs) und eine spezialisierte 
Gruppe innerhalb der ionotropen Glutamatrezeptoren (IRs). Während die Expression von IRs 
in chemosensorischen Geweben verschiedenster Protostomier (Altmünder), wie Krebsen, 
Spülwürmern und auch Schnecken gezeigt werden konnte, wurden ORs bislang nur bei 
Insekten gefunden. Dies trifft auch auf eine zweite Proteinfamilie zu, die sogenannten 
Odorant-Bindeproteine (OBPs). Es wird angenommen, dass diese Proteine dabei helfen die 
überwiegend wasserunlöslichen Geruchsmoleküle durch die wässrige Sensillumlymphe zu 
transportieren, in der die Dendriten der sensorischen Neurone und somit auch die 
Geruchsrezeptoren selber liegen. Es existiert die Hypothese das sowohl ORs, als auch OBPs 
im Zuge des Landgangs der Insekten entstanden sind, um die flüchtigen, überwiegend 
wasserunlöslichen Substanzen aus der Luft wahrnehmen zu können.  
 
Diese Hypothese basiert aber ausschließlich auf Untersuchungen an geflügelten Insekten. Die 
evolutionär gesehen älteren, flügellosen Insektengruppen sind bislang nicht auf diese 
Hypothese hin untersucht worden. Die hier vorliegende Arbeit soll genau diese Lücke 
schließen.  
 
Elektrophysiologische Untersuchungen im Rahmen der vorliegenden Arbeit konnten zeigen, 
dass sowohl der Felsenspringer Lepismachilis y-signata (Archaeognatha: Machilidae), als 
  Zusammenfassung 
115 
 
auch das Ofenfischchen Thermobia domestica (Zygentoma: Lepismatidae) über einen guten 
Geruchssinn verfügen (Chapter I). Die bioinformatische Auswertung sehr umfangreicher 
Transkriptome brachte jedoch zum Vorschein, dass die genetische Basis ihres Geruchssinns 
sich von der der geflügelten Insektengruppen unterscheidet. Im Transkriptom des 
Felsenspringers konnten weder die oben angesprochenen ORs, noch ihr stark konservierter 
Korezeptor Orco gefunden werden. Jedoch waren die evolutionärgeschichtlich älteren IRs 
vorhanden. In der Antenne des Felsenspringer L. y-signata konnte die RNA der IR-
Korezeptoren in enger räumlicher Nahe zu den entsprechenden olfaktorischen Sensillen 
gezeigt werde (Chapter I), was die Annahme unterstützt, dass diese Tiere andere Rezeptoren 
als die ORs zur Geruchsdetektion verwenden. IRs werden bei anderen Insekten wie der 
Fruchtfliege Drosophila melanogaster (Diptera: Drosophilidae) oder auch der 
Wüstenheuschrecke Schistocerca gregaria (Caelifera, Acrididae) (Chapter III), in den 
sensorischen Neuronen der coeloconischen Sensillen exprimiert, ein Sensillumtypus der 
jedoch bei L. y-signata und anderen Felsenspringerarten fehlt.  
Ähnlich wie in den Datensätzen des Felsenspringers, wurden keinerlei Anzeichen für ORs im 
Transkriptom des Silberfischchens gefunden. Allerdings wurden mehrere Sequenzen 
identifiziert, die der des OR-Korezeptors sehr ähnlich sind. Alle drei Kandidaten konnten in 
der Antenne, jedoch nicht in Beinen, Köpfen (ohne Antennen und Maxillarpalpen) oder 
Körpern nachgewiesen werden. Die RNA eines der Orco-Kandidaten konnte mittels in situ 
Hybridisierung in einzelnen sensorischen Neuronen der einwandigen Geruchssensillen 
lokalisiert werden, was eine Funktion in der Geruchswahrnehmung vermuten lässt. Ihre 
genaue Funktion gilt es jedoch in der Zukunft zu erforschen.  
Obwohl weder beim Felsenspringer, noch beim Ofenfischchen ORs identifiziert werden 
konnten, sind doch bei beiden Arten OBPs vorhanden (Chapter II). Darunter befanden sich 
Homologe der einzigen beiden innerhalb der Insekten konservierten OBPs (OBP59a und 
OBP73a). Für eines dieser Proteine konnte in vorangegangen Studien an D. melanogaster 
eine Funktion im Geruchsinn gezeigt (DmelOBP59a) werden. Da dieses Protein auf der 
Sequenzebene relativ stark konserviert sind, könnte dies auch auf seine Funktion zutreffen, 
vor allem da die meisten Insekten OBPs nichts als ihr konserviertes Cysteinmuster und ihre 
Sekundärstruktur gemein haben. 
Zusammenfassend zeigen die Ergebnisse der hier vorliegenden Arbeit, dass die 
insektenspezifischen ORs lange Zeit nach dem Landgang der Insekten entstanden sind. Der 





Anpassung an das Fliegen darstellen, da während des Fliegens sowohl die Geschwindigkeit, 
also auch die Sensitivität viel höher sein müssen, um das gewünschte Ziel zu finden.  
Zusätzlich konnte diese Arbeit zeigen, dass OBPs unabhängig von den ORs entstanden sind, 
denn OBPs dürften bereits beim letzten gemeinsamen Vorfahren der Insecta sensu stricto 










Figure 2. Thermobia domestica (Photo: Sascha Bucks) 
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Supplementary material 1: amino acids sequences of putative CSPs 
 
>LsigCSP1_putative chemosensory protein_translated_partial 
MRSATLTLCITVTVISLTSLCCQARLPVKRPQVSDASLDAALRNKNFINMQLRCALGEGPCDALGARVK
ALAPEVMRGVCRACKPGEFRQIQRVISFIQRNYPQEWRRIVQRYSGF 
>LsigCSP2_putative chemosensory protein_translated full ORF 
MLSTQFVVALTLASVLAAAPTEAPSKPVSLLSRYPALDQVDVDTLLKNDRLIKFHLKCVLGEGQCDSV
GKELKAALPDTLLHRCVGCTDGQLHKARRVVSTISQKFPREYQKLVQQFQGVS 
>LsigCSP3_putative chemosensory protein_translated full ORF  
MKTVLILAALVAFTAAARIVREEAQYTTAYDNIDIDKILTNTRLLDYHIRCVLDKGPCNKEGKELKAHL
PDAIRNECEKCSETQKEKGKKVVQFLMKNRATEWKEIEEKYKNYHPSGTPPPNYEKYIKA  
>TdomCSP1_putative chemosensory protein_translated_partial  
mWTLFACACACALLAVGSAQPPLSPEELQEILGNPRTVRAYIACVLDKGPCTAEGRELRERIPVGLKTA
CGDCSATQKQTVRTAVRFIQEHYPDEWLQLHEHFDPSGEYVDSFQHFIDSDD 
>TdomCSP2__putative chemosensory protein_translated_partial 
VCGGVLPDPHELVKDEPKLSKFLSCLAGKDTCESWTEEVKRYIPSALKESCKDCPAEHKNFYRVVTIHL
RKHRPDVYKAL 
>TdomCSP3_putative chemosensory protein_translated full ORF 
MQSMRLLFVVLGLAVAAQAARLRREEKYSTQYDNVDLHEILTNKRLMNNYANCLLDKGPCTQDAQL
LKDAIPDALENECAKCSEKQKEGTEIAIPHMIENEPEIWELLKKKFDPSNKYGERYAQLLKKAQEKRRG 
>TdomCSP4_putative chemosensory protein_translated_partial  
MHACAVLLVAACALASSFAAEMYSTRYDNVNLQDIFKNKRLFDGYANCILDKGPCTADGRLLRDAIPE
ALTNGCAKCSERQKSGAKDVIKEVKTNHPLLWDEMKKKHDPTGLFEKKNSDLLDQLWH 
>TdomCSP5__putative chemosensory protein_translated_partial 
MRTTLALVALASLVALGAAQGKYTSQFDNVDVDAILNNDRVLTSYLNCLKNEGVCTPEGKTLKESIPD
ALQTGCSKCSDNHKG 




Supplementary material 2: partial mRNA sequences of putative CSPs  
 


































































































Supplementary material 3: amino acids sequences of putative OBPs  
 









>LsigOBP3_putative odorant binding protein_translated_full ORF 
MKYFISIVLCLSAIFSAAYAEEFQGFNSLVDEETVTLLATCDKGPDENCIPKCYLETLDGLDETGHASKE
KMYDSIPNKILEPRREMVTRSLEECFRDEIKTADPCQSASTLLACMANSIQGAMLITE 
>LsigOBP4_putative odorant binding protein_translated_full ORF 
MKFFSFILLIAFFVQSHANNISGLEDLMESNVLEGLRSCEGPGADENCVYKCYLQQLDAVDSKGYADKT
KLDARVETKIKQDFRPKVRKSIQKCYKGPEETMKIDPCASAAVLVSCIAQELQQTMNQGR  
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>LsigOBP19_putative odorant binding protein_translated_full ORF 
MKTFLLLGICYLSLVCFAQGKQDCTYQRDEEKMKLIHSCRAEHEVNREIVVKLFKSNGTMHSDKKCYF
SCVMQDTGMADEDGNLDVSLIRAYAKRMYKQDHAVEKALAAIDNCEPILSDPNETDGCERVFHFLTCI
KRIMVKYCYDIDLHEEDDDE >LsigOBP20_putative odorant binding protein_translated_full ORF  
MTTMNLRVLLVIGLVSIASASHDIGKCKRKPESAEKWKNAKMVCDETYPFEEGVIKKMIVGEEVDDEQ
AEMAKCFVHCILEEYEALSKDDHHVDLDALKMHAEEVFEDEEVQEEMKTVMEECSHVTGDYQEDCD




>LsigOBP22_putative odorant binding protein_translated_full ORF 
MKLIYCIWFMIVVAVFCEEEDYDDDDEAPHKCKFSETKILSLGTMLKCSTDHNVTQEDSALFSTNEISCA
DADPHKMCFGDCYFRDREMLLENGDINKEDVFTVIKRAYKGKDDNINFFLKLTEKCYKIKGETESCCY





>LsigOBP24_putative odorant binding protein_translated_full ORF 
MLRKMEIVVLLFTMPLAVLMGEDKNRCNGKFVKEEELKKEKECAKKLATKTGQLEAGDDGPKDIYRY
PCIYACYMKSNGWLTDDGEIRKADFKKFVKSEFVSEEMKEDAAELVDKCVEITPTEGEEVCYIATHFNE
CFQYKLKPYCREYSRNGKTP >LsigOBP25_putative odorant binding protein_translated_full ORF 
MRPTFILLMIIFVVFAEEHYPGENEFRCNNDILTFDERRPYAKCAIQLKIKAGLVDKGTRTIQSGDGCIYQ
CYMKAHGWMDDKGEIHLEPFKKFIKAEFQDQTIEDIMLETSDDCKESTFDYEEETICDHANVFIRCFRR





>LsigOBP27_putative odorant binding protein_translated_full ORF  
MKIYAIIFIAFAVSALAMKEDEKEGWGKCEPDDIEVVQMKMGMKCAKENGLDKTDIENYFKDPNHMF
EGPKNCVYKCYMTNQKWLTETDDLKKEDIHKWIEKAYSEEESRDSGRKIVNHCFDSVPRGTKEACAY












>LsigOBP30_putative odorant binding protein_translated_full ORF  
MKITFIILAVLVTVSLAEKKKEGGKNWKCKGKPMEGMMTKGMECAQEHGVSQDDTDALMGDGEGLG
EKKCIVKCMFKKFGVVTDDDKLDEDKILDMTSKTYGHKEEVEELATDAFYTCYKEDEWSGDCDAFFN
















>LsigOBP35_putative odorant binding protein_partial  
SEGFKEDSKSCAEKYGITKDDAHAMRKGTVEGEKQCFYDCFAKARGWADDNGKLDESKINESIIELSE
GDAYTKQSLEKSLEDCKAKTEWSNDCSKSLEISNCVVRTFMKLCKKDDE  

























>TdomOBP3_putative odorant binding protein_translated_full ORF 
MKVFVVLATLLVAALAGPTETGCEYDLSRQAKELVAACRASNAQCVPQCVLEKAKALDEEGCPVKEK
YKKMQEAQVGNKDLLPTMLKITDDCFAKVQKGELSCCEYTNALHACKKEELKKICRGHQ 
>TdomOBP4_putative odorant binding protein_translated_partial 
NIINKCGNKNNAKCLVHCVMKELQALNDDDCPEQDLYEKMLEKEVGNEELRPKMIEITKQCFSSTPQG
DSDCCDYATNLWLCKKKKLNDICKYER  
>TdomOBP5_putative odorant binding protein_translated_full ORF 























>TdomOBP9_putative odorant binding protein_translated_full ORF 
MKKWLAFTLLCLYAAVRTEEVEKITCLVKQTDGVDEKSAESDTCKEKFPVKNEAIADWFQGLDVSAE
KEPQIKCFAHCYMAERNLISEEGQFNLEALKEDTTKTLEGEETVEKVEEMIKECVEKYEGEENHCEKAY
MALTCVRQNLTRLCNFVMMEPEEEIEEKEEK >TdomOBP10_Assembly of contig 7661, 582, 




>TdomOBP11_putative odorant binding protein_translated_partial 
CSEENGITKEDWERYKETKEATDNIKCFKKCFMEKLGFIENGSLNKEKAKKKCERKSQGDEEKKQNCF




>TdomOBP13_putative odorant binding protein_translated_full ORF 
MKIQHFVLIALVFVAVNCDEDQGAGGFDEAMRECAQELQITQDEFMRFKESGQPDEKIKCHFKCVMEK
KDMIREDGTFDTEPMEQCNIMRKFRDQSEENEQKFQEAKKNCNGKPATTCQEAFEAYMCVQAIAQ  












>TdomOBP17_putative odorant binding protein_translated_partial 
DLSWTMTQDEISAMVRAIVDNCSKETGITDGDRAQLRDGNIPDNNNVKCFILCYFTSIQIMKDGKYELD
VAKGFAANIAPNEEVKNGIMHIIETCGVKTGTDPCDTAYEILKCKVAMSKNIVKAFFP 















>TdomOBP21_putative odorant binding protein_translated_partial 
EQGEGGGIFKQCAEENEVTKDDFQKFKESGEAEEKLKCHFKCVMDKRGMVREDGTFNTEPMEHCGK
MKKFRSQSDENEEKFQKIRTECEGMK 
>TdomOBP22_putative odorant binding protein_translated_partial 
MEHLSSFILLQLVATLSITGSIMGRPTTSTSVAEDYAIIKSCNQTSPVSLHAINVALVHRKLTEDTTYGFK
CFLHCLYTKYGWMDEDGGFELTTMRHVLEKQITRTDVLR 
>TdomOBP23_putative odorant binding protein_translated_partial 
EETNWEQLKRRVKEMRKRWNCFTECVFNSAGWATEDGQVVDNTVREDVSRQADGQWTEVVESTLN
ECLGKNYNHDRHEGEGECQPHCARTMFCMFFHMLLKCPENYRNMDTEKCQNFWRKVDEKNQE 
>TdomOBP24_putative odorant binding protein_translated_partial 
CFESCLMKESGAMTWKGRINETALRDITKKMELKEPQRSYVFHHMKKCANKVESTQFINHCEKAYVF
GACFREHLRKDLRSLAITWKLYLTRGNISSIEKIH 




>TdomOBP26_putative odorant binding protein_translated_partial 
TDFMRKFHEAAEQCNKTYPISKEADEYFNNNSKLEDETSENGRCYVACFAAKIGVLKDGEFDPDHIKTL
LEHMEKYRGKKHGHKH 
>TdomOBP27_putative odorant binding protein_translated_partial 
MKAIAVYAIFAVVFTVVYADDYKQLLKDSLKNCAAKFNVPKPSAVSGSDLNTYLKFAKDNPTLVSCFY
DCTFKGAGLLGDSGFATDKLKNDLKVGKSSAP 
>TdomOBP28_putative odorant binding protein_translated_partial 
ILFFVIAVVFLTYVQADGNKKEKFKQMKKECKDESGVTDEEFQQWKENKKNDAYEPSENVKCFKRCM
MQKMGFVH??????????????DKPVESCDNAWELWRCVKSHWKQQREGNGEGGEEGGEEGQD 
>TdomOBP29_putative odorant binding protein_translated_partial 
MQCSTLSIKMIVLLVFLFSILALGSAGNMSNTADMNSINMTDINKRCNETFKISNGQLEALNNTGKFQNE
SDTAAKCYLHCIFNNTG???????????????YA 
>TdomOBP30_putative odorant binding protein_translated_partial 
MNYLLKTVAEDCLGRSSNISEECKCYWSCFWKKFNFELENGTINKDLIIEFIGSYSNSPGEDISPRIEETVD
VCVEKSTVEGCGQVKEILERVGDNYKSAED 
>TdomOBP31_putative odorant binding protein_translated_partial 
AKDEDEMCYAKCVGEKLNFIKNGRVNWEFVDLLTNRMPEERRDNFERIMEYCDAKGDEGEGCKPGY
RVFKCIQETMIR 
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>TdomOBP21_putative odorant binding protein_partial mRNA  
CTTTCATTCCCTCACATTCTGTTCTTATCTTCTGGAATTTCTCTTCATTCTCGTCACTTTGTGATCGGA
ATTTCTTCATCTTTCCACAGTGCTCCATAGGTTCTGTATTAAAAGTCCCGTCTTCTCTAACCATGCCC






















































































>TdomOBP32_putative odorant binding protein_partial mRNA  
TTCCCATCCTTCATGAGCTGGAAACTTATCATGAAACAGCGTATAAAACACTTGACATTTTCTTTAT
TTGGAATATCGCCAGTTTTCACTCCTTCTATTTCTTTCGATAATTCATGTTCCTGTATGCATTTATCT
ATAATTGCTTTTGCAACAGCCATGTTGTCCTGGGGTCTTCCCTTAGACATCACTATGCTAGTTATTA
AAACAGATACAAATAATTGTATCTTCATTGTGATGTAAATGCTGAAGCAGCAAAGTTATC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
